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1.1 Wine fraud 
In general, food quality is becoming more important for consumers, manufactures and 
regulatory institutions latterly. Various factors have contributed to the fact that consumers 
are more concerned with what they eat and drink, and they want to have more information 
about the provenance of food, the composition and the production methods. In addition to 
the basic prerequisites related to health and safety, another quality feature can be found in 
the link of a foodstuff to its geographical origin or production technology.  
Consumers consider that products originated from well-defined and known origin possess 
higher level of quality and control in comparison to others with unknown origin, thus they 
are willing to spend more money on them. The production of food in a particular region or 
by using traditional methods is considered to add value to the product itself on the market. 
Therefore, the European Union (EU) plays a key role by recognizing the relationship 
between the product and the area of origin as quality attribute introducing appropriate 
regulation in this field, which aims to promote and to protect the typical food coming from 
different European Union countries.  
Lately, there was a huge development in food production and in the control procedures 
related to the food safety (European Commission 2002). The major improvement is 
implementation of quality labels or marks from national level of protection to the European 
one (European Commission 1992a, 1992b and 2006). In a context of international food 
trade, the possibility to trace the origin and provenance of food products through the study 
of their composition is of great importance, and it has the goal to minimize the possible risk 
of imitation, counterfeiting and adulteration. This is especially important for commodities 
certified by quality labels, such as PDO (Protected Designation of Origin), PGI (Protected 
Geographical Indication), TSG (Traditional Specialty Guaranteed) and Organic Farming. 
PDO label covers agricultural products and foodstuffs which are produced in a given 
geographical area using the defined technology. PGI label covers agricultural products and 
foodstuffs connected to the geographical area. At least one of the stages of production 
takes place in the area. TSG label emphasize traditional character, in the composition or 
means of production. Those commodities are usually recognized as “unique” in its 
category. 
In Italy, all regions significantly contribute to the variety of food commodities, which are 
characterized by an excellent quality and by the quality denominations. These marks are 
of great importance for these products, and they provide consumers with a guarantee of a 
"local-national product" and additional confirmation that the food production chain and its 
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quality elements have been evaluated and accepted by the authority. By promoting local 
products in this manner, in addition to the contribution to local economic development, it 
contributes to the promotion of the culture of the given community as well. Among the wide 
range of agricultural and food products, these laws are applied in wine sector also. 
According to food legislation, wines can be with or without a designated origin (table 
wines). Wines with a designated origin must be produced, processed and prepared in a 
specific region using traditional methods. The PDO for food and DOC (Controlled 
designation of origin) for wines are geographical indications to protect the names of 
regional foods. These products must have characteristics which are essentially due to their 
region of production and must be produced, processed and prepared exclusively within 
that region (European Commission 2006, Ministry of Agriculture, Food and Forestry 2011). 
This is related to the fact that climatic variations influence the process of grape growth and 
grape quality, which influences the structure and sensorial properties of the final product. 
Wine obtains its economic value from its geographical origin, which can have a significant 
impact on the quality of the wine.  
Increasing numbers of fraud cases in the food sector have recently come to light in the 
media (Moore et all. 2012). What they all have in common is the fact that manufacturers 
pass off cheap products or ingredients as expensive ones in order to maximise profit. 
Declarations usually conceal the fraud, misleading the consumer. Due to globalisation of 
the food market, the quantity of food subject to trade between different countries is 
increasing steadily. While consumer choice is expanding, at the same time concerns 
regarding the quality and origin of food on the market are also increasing. Wine is a highly 
prized commodity as compared to other agricultural products, and the high price depends 
to a large extent on geographical origin, which affects the quality of the product. Because 
of this, wine has been subject to different kinds of manipulation by individual producers 
since ancient times (Holmberg 2010).  
Economic fraud related to this aspect involves mixing high quality wine with low quality 
wines, often originating in other geographical regions, or making complete use of wines 
from other regions. The addition of beet or cane sugar to grape must or wine before or 
during fermentation is adopted to increase the natural ethanol content and therefore the 
value of wine, which commands higher prices on the market. Consumers are thus misled, 
as the addition of sugar is not allowed, at least in Italy. Another type of fraud involves the 
dilution of wine with water.  
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It is therefore necessary to provide reliable analytical methods that are able to detect these 
kinds of fraud or reduce them to a minimum. 
Nowadays, many of the actual authentication systems are not based on objective criteria 
but mostly on certifications supported by paper declarations. There is an increase in 
research activities with the aim of finding objective, analytical methods able to trace 
authenticity of food products and some of these methods are already implemented in 
practice. 
 
1.2 Wine authenticity assessment  
 
Looking at the scientific literature, we can observe a large number of scientific articles 
dealing with the issue of wine authenticity assessment. Wine authenticity includes 
checking of several features, such as authentication of origin, grape variety, wine age, 
production technology and so on. It can be noted that different analytical techniques and 
indicators have been applied to food and wine authenticity assessment (Lees, 2003, Luykx 
and van Ruth, 2008, Rapaneu et al. 2009, Versari et al. 2014).   
 
1.2.1. Traceability indicators and analytical methods in food authentication studies 
Because of the fact that adulteration of wine is an ongoing problem, there is the need for 
suitable analytical technique to gain insight into chemical composition and changes 
affected by different kinds of falsification. The most important analytical techniques are 
based on the profiling of trace elements, phenolic compounds, volatile compounds and 
isotope ratios using different chromatographic and spectroscopic methods (Versari et al, 
2014). An overview of the recent advances of determination of food and wine authenticity 
is presented here, with special focus on indicators that are successfully applied in wine 
authentication studies.  
Regarding the geographical traceability, the analytical indicators can be classified into two 
main categories: direct or primary indicators and indirect or secondary indicators. 
Direct or primary indicators include variables that directly connect some chemical 
parameter of the product with the same measured parameter of their provenience area, 
such as trace elements and isotopic ratios of different elements. The most commonly used 
direct indicators in wine authentication studies are mineral elements, stable isotope ratios 
of bioelements and stable isotope ratios of heavy elements.  
15 
 
The presence and concentrations of mineral elements reflects the geochemistry of soil of 
the wine growing region, as well as winemaking and storage conditions, because 
concentrations of some trace elements such as K, Ca, Fe, Cu, and Zn (Hopfer et al. 2013) 
are changing due to the some processing steps (e.g. fining, ageing), while the alkaline 
earth metals such as Li and Rb and some rare earth elements from the group of 
lanthanides, are less affected by processing and time and they are useful indicators for 
determination of geographical origin (Rapeanu et al. 2009). The measurements of wine 
trace elements are usually conducted by atomic absorption spectroscopy (AAS), 
inductively coupled plasma atomic emission spectrometry (ICP-AES) or ICP-mass 
spectrometry (ICP-MS) (Versari et al. 2014, Korenovska and Suhaj 2005). Wines from two 
Romanian and one Moldovan wine regions were analyzed by ICP-MS and statistical data 
of elemental composition was used to discriminate these wines according to grape type 
and geographical origin. Also, the most important trace elements for their separation were 
detected (Geana et al. 2013). Wines from Spain and England were evaluated using the 
multielemental analysis by ICP-MS and discriminant analysis. In addition, this study has 
indicated the power which multi-element analysis can bring to the determination of the 
region of origin of wines (Baxter et al. 1997). Based on the same technique, optimal 
discrimination was achieved and the most discriminant elements were selected for 
Canadian wines from two major wine producing regions (Taylor et al. 2003).This technique 
is also useful for other food commodities such as  grated hard cheeses (Camin et al. 2012) 
and green coffee beans traceability (Santato et al. 2012). 
The stable isotope ratios of bioelements (H, C, N, O and S) of plant materials are related 
to type of plant and area of growing. They are in correlation with climatic factors (humidity, 
temperature, amount of precipitation, etc.), as well as geographical factors (distance from 
the sea or other evaporation source, elevation, altitude, latitude). Stable isotope ratio 
analysis of H, C and O is based on measurement of the ratio between the stable isotopes 
of H, C and O of a product or a specific component (which do not decay over time). This 
type of analysis can be used to detect the addition of cane and beet sugar and water in 
wine and to verify the origin declared on wine labels, due to the difference in the 
aforementioned isotopic parameters of authentic and non-authentic wines. A more 
detailed explanation of the method based on these parameters is in the next section. 
Beside the bioelements, the isotopic analysis is extended to heavy elements as well. The 
link between food and their provenience area can be established by the determination of 
some radiogenic isotopes of heavy elements, such as strontium (Sr) (Fortunato et al. 
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2004, García-Ruiz et al. 2007, Swoboda et al. 2008, Trincherini et al. 2014), lead (Pb) 
(Larcher et al. 2003, Mihaljevic et al. 2006) and neodymium (Nd) isotopic ratios. They are 
presented in rocks, and thus in soil and food matrices at trace level (<1%) and allow us to 
trace food based on the link between the soil from the provenience area and the final 
product.  
Based on a large scale of study of a huge number of natural mineral waters from different 
European countries, strontium isotope ratio (87Sr/86Sr) is confirmed to be highly relevant for 
geographical food authentication (Voerkelius et al. 2010). Suitable methodologies based 
on the strontium isotopic ratio have been developed and good concurrence of isotopic 
range of soils and wines has been observed (Almeida and Vasconcelos 2001, Durante et 
al. 2013, Marchionni et al. 2013, Durante et al. 2015, Petrini et al. 2015), showing small or 
no variations within the samples from the same vineyard, sampled over different years. 
Also, there is no change in isotopic ratios of strontium during the manufacturing processes, 
therefore, the isotopic composition of a processed product, such as wine, remains stable. 
Furthermore, strontium has the property to be assimilated by living organisms where 
strontium actively participates in the processes of their metabolism. During the intake of 
plants, there is no significant isotopic fractionation of strontium present in the soil. In 
comparison to the isotopic composition of bioelements (H, C and O), which in addition to 
their usefulness for determination of geographical origin, have application for detecting 
other common fraud in wine sector such as addition of sugar and water during winemaking 
process, strontium can be used for determination of origin only.  
Improved geographical differentiations between samples can be obtained combining 
stable isotope ratios of bioelements with strontium. Such approaches are applied for 
regional origin assignment of butter (Roßman et al. 2000) and cows’ milk produced within 
Australasia (Crittenden et al. 2007). Combination of stable isotope abundance ratios of H, 
C, N and S with 87Sr/86Sr has been applied in order to determine and verify the 
geographical origin of orange juice (Rummel et al. 2010). 
Indirect or secondary indicators are related to the compositional properties of the food 
matrices and to the production process. They are based on the characterization of the 
matrix which involves measurement of a large number of parameters (chemical, physical 
or microbiological) which help us discriminate samples from different groups. Different 
analytical techniques can be used for that (Peres et al. 2007). For example, using high-
throughput screening spectroscopic techniques such as infrared (IR) and nuclear magnetic 
resonance (NMR) spectroscopy, it is possible to characterize food product of interest 
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measuring of large number of chemicals in our food matrix, which represent a 
characteristic “fingerprint” of analyzed product.  Afterwards, useful information that is 
“hidden” among large number of other parameters needs to be extracted using the 
chemometrics methods. That information is used to construct models that are able to 
discriminate our product of interest. For example, near-infrared (NIR) and mid-infrared 
(MIR) spectroscopies are fast, cheap and non-destructive techniques which can be 
implemented for first, routine check of food products as well as for regular food 
authentication analysis.  
Infrared radiation is the region of the electromagnetic spectrum between the visible and 
the microwave wavelengths. For NIR, the nominal range of wavelengths is between 750 
and 2,500 nm, while for the MIR, the spectral range is from 2,500 to 25,000 nm. Good 
discrimination was achieved for Trappist beer using near infrared spectroscopy coupled 
with multivariate data analysis (Di Egidio et al. 2011, Engel et al. 2012). Application of the 
same technique was explored as a fast screening method for the detection of adulteration 
of skim milk powder (Capuano et al. 2015). The potential of NIR spectroscopy to 
determine the geographical origin of honey samples originated from different countries 
was evaluated performing various spectral pre-treatments and classification techniques 
(Woodcock et al. 2007, Hennessy et al 2008, and Woodcock et al. 2009). There are 
numerous studies of applications of near-infrared (NIR) and mid-infrared (mid-IR) in wine 
and other beverage industries. Applicability of mentioned techniques in combination with 
the multivariate data analysis was evaluated for compositional analysis, process 
monitoring, geographical origin, grape variety and sensory profiling (Gishen et al. 2010, 
Cozzolino et al. 2003, Cozzolino et al. 2011a, Cozzolino et al. 2011b, Cozzolino et al. 
2011c, Cozzolino et al. 2011d, Culbert et al. 2015). They offer possibilities for cheap, 
simple, fast and on-line testing, including measurement of bottled product in situ. 
NMR spectra are reliable source of information with a large potential in food authentication 
applications. The main advantage is that in a single NMR experiment a large amount of 
information can be obtained, measuring small molecules and macromolecules 
simultaneously. That is why NMR is currently recognized as an important analytical 
technique for food and thus in wine authentication area. Hydrogen nuclear magnetic 
resonance (1H-NMR) spectroscopy has been applied to detect biomarkers of botanical and 
geographical origin for Corsican honey (Donarski et al. 2008a) and to classify honey into 
two groups by geographical origin (Donarski et al. 2008b). The same technique confirmed 
to be valuable source of information for discrimination between Ligurian and non-Ligurian 
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olive oils (Mannina et al. 2010). In wine authentication studies, 1H-NMR spectroscopy is 
recognized as a very promising tool for geographical discrimination for several PDO 
Lambrusco red wines produced in the province of Modena, in Italy (Papotti et al. 2013). 
The same source of information is confirmed to be a good tool for predicting the 
geographical origin and shows that classification models can be improved when 1H-NMR 
profiles are fused with stable isotope (SNIF-NMR, 18O, 13C) data where perfect separation 
is obtained for samples originating from neighboring wine regions in Germany (Monakhova 
et all. 2014). Discrimination between red wines obtained from organic and biodynamic 
production practice was achieved and an insight about the differences in composition 
between them was obtained by means of 1H-NMR and metabonomic investigation. 
Vintage and vinification procedures were found to be the most important factors that affect 
most of the measured parameters, while vineyard management has more limited impact 
on wine composition (some aminoacids, alcohols and some polyphenols) (Laghi et al. 
2014). 
Aroma of wines can be affected by different factors, such as climate, grape variety, yeast 
strain, fermentation and storage conditions. The volatile compounds can be analyzed by 
different analytical techniques such as proton transfer reaction mass spectrometry (PTR-
MS), gas chromatography mass spectrometry (GC-MS), gas chromatography (GC) and 
sensor or electronic nose technology. 
PTR-MS enables quantitative on-line monitoring of volatile organic compounds such as 
alcohols, alkenes, aldehydes, ketones, nitriles, sulphides and many others) in complex 
matrices with detection limits as low as a few parts per trillion. High classification rate was 
obtained for olive oil samples originated from five different countries based on PTR-MS 
analysis coupled with chemometrics (Araghipour et al. 2008). By using the same analytical 
platform, discrimination between Dutch PDO cheese and other commercial Dutch brands 
without PDO protection were achieved and most important volatiles for their discrimination 
were detected (Galle et al. 2011). Among the successful applications of wide range of food 
matrices, this technique has limited application for alcoholic beverages due to the 
interference of ethanol. According to this technique, separation of different French wines, 
on the basis of the respective grape variety and region of origin, is possible only on the 
basis of esters after eliminating undesired effect of ethanol (Romano et al. 2014). 
An automated procedure coupled with gas chromatography–ion trap mass spectrometry 
(GC–ITMS), was developed and employed for fast characterization of honey (Cajka et al. 
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2007, Cajka et al. 2009), olive oil (Cajka et al. 2010a) and beer volatiles (Cajka et al. 
2010b) with the aim to confirm the authenticity of PDO commodities.    
In wine origin assessment, analysis of volatile compounds (aldehydes, esters, acetals, 
phenols etc.) are used to obtain differentiation between samples from different regions 
(García-Jares and Médina 1993, Diaz et al. 2003, Fernandez de Simon et al. 2008). 
Furthermore, particular volatile compounds are connected to some grape varieties, leading 
to their specific aromatic profile (Nasi et al. 2008). The polyphenolic profile of wines also 
serves as a valuable source of information for wine authentication based on botanical 
origin (Catharino et al. 2006). There are studies which confirm usability of the amino acidic 
profile of wines, proving that the amino acid profile can be a useful source of information 
for discriminating wine samples produced in different regions of Greece and Portugal 
(Vasconcelos and Chaves das Neves 1989, Bouloumpasi et al. 2003).  
However, caution is indispensable with choosing the parameters to be used in these 
applications. Storage conditions and duration have significant influence on wine quality 
and concentration of some compounds. For example, pigments and phenolic compounds 
may change drastically under the unfavorable storage conditions (Arapitsas et al. 2014). 
To tackle some critical aspects of the grape variety recognition and detection of artificial 
flavors, molecular-genomics approach is a useful tool. Nowadays, the availability of the 
sequence of the grapevine genome and the continuous development of molecular 
descriptors for wines, combined with novel techniques for genotyping and quantification, 
increase the possibilities to evaluate the grape variety composition throughout the 
enological chain. With help of DNA and RNA based test, genetic identity of plant materials 
can be analyzed. Grapes are characterized with a heterozygous genome and DNA 
polymorphisms that can be easily detected by using polymerase chain reaction (PCR) 
technique. PCR is a biological technique which enables us to detect low quantities of 
nucleic acid probes and the determination of their sequence via the amplification of DNA 
or RNA individual strains. Mentioned technique is used to identify the species of origin in 
foods (This et al. 2004, Pereira et al. 2011). Comprehensive molecular characterisation of 
the grape germplasm can provide insight into genetic diversity and subdivision of grapes 
within the European germplasm (Emanuelli et al. 2010, Emanuelli et al. 2013).  
Wine authenticity assessment involves verification of several claims, such as the 
declaration of origin, vintage and production technology, including checks of the addition of 
unpermitted substances during the production process, such as sugar and/or water, the 
use of an inappropriate grape variety etc. Wine is a mixture of complex chemical 
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compounds undergoing changes due to different storage conditions, while the wine 
isotopic profile is stable over time and thus represents a good source of information for 
authenticity purposes.  
Despite of a lot of promising results obtained with the before mentioned techniques, there 
is no study where all wine authenticity features are evaluated simultaneously. In addition to 
the possibility of determining the origin of the wine and the grape varieties which the 
largest number of studies is dealing with, it is important to mention that the method is 
effective for detection of other typical frauds in wine sector, such as the detection of added 
water and sugar during the manufacturing process. Wines undergo a chemical change of 
their compounds due to inadequate storage conditions that do not change wine in terms of 
authenticity, although quality performance can decrease significantly. Thus, it is of ultimate 
importance that traceability indicators from proposed method are stable over time, and 
therefore useful in real context of wine authentication. To have a fair comparison of all 
mentioned techniques with the official one, the above mentioned facts should be 
considered and that is not our intention here.  
Isotopic profile based techniques are implemented for the official EU and change of 
complete regulation is a slow process. In this thesis we investigate possibilities for 
improvements of official method with small modification by applying advanced statistical 
methods (compared with the official ones) for detecting common frauds in wine sector 
(false claim of origin, sugar and water addition during winemaking process). 
Isotopic ratios of H, C and O are affected by climate and geographical location so 
database with their ranges must be updated every year which is an expensive process. 
Knowing those relationships is important for developing a prediction models able to predict 
isotopic values from climate and location, and thus save money from yearly sampling 
process.  
 
1.3.  Wine authenticity assessment using the stable isotope ratios of wine     
 
Isotopes are variants of the same chemical elements, which are characterised by the 
same number of protons and a different number of neutrons. The term isotope has its 
origin in the Greek words isos (ἴσος, equal) and topos (τόπος, place), which means "the 
same place". Thus, most elements exist in more than one form. For example, hydrogen 
exists as 1H and 2H (deuterium); oxygen exists in three different forms, as 16O, 17O and 
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18O; and carbon in two different forms, as 12C and 13C.  Their isotopic ratios (2H/1H, 13C/12C 
and 18O/16O) in vegetable compounds have variations caused by climatic factors and the 
photosynthetic cycle of the plant. Due to the evaporation and condensation process of the 
water cycle in nature, fractionation of oxygen and hydrogen isotopes occurs. Water 
evaporates from the oceans (where isotopic values are more or less constant, these 
values being used as a standard), lakes and rivers to the atmosphere as vapour and 
clouds, passing through isotope fractionation. As a consequence, the isotope composition 
changes due to depletion of heavier isotopes (2H and 18O). Plant physiology also affects 
isotopic fractionation, with aperture and closing of stomata, which is used to adapt to the 
availability of soil and atmospheric water in the plant environment.    
The D/H ratio of grape sugars has given us an insight into the isotopic content of 
groundwater taken in by the vine from the soil and through irrigation during the sugar 
biosynthesis period, when the grape develops (Bigwood et al. 1998). During fermentation, 
the deuterium contained in the sugar is distributed in the methyl [(D/H)1] and methylene 
[(D/H)2] group of the ethanol molecule (Figure 1). The (D/H)1 ratio is affected by the 
addition of exogenous sugar (beet or cane) to the must before and during fermentation, 
because they have significantly different values (Table 1). The (D/H)2 ratio is less affected 
by this kind of fraud and more affected by fermentation water. Both (D/H)1 and (D/H)2 are 
to some extent related to the geographical origin (source water) of the plant and to the 
vegetable species which synthesise the sugar. Using the biochemical pathways adopted 
for CO2 fixation, we can differentiate the C3 and C4 groups of plants. Sugar from plants 
with a C3 pathway, such as vines and fruit trees, is characterised by different 
2H/1H and 
13C/12C values as compared to sugar from a C4 plant such as sugar cane (O'Leary 1993). 
C3 plants (wheat, vines and sugar beet) fix CO2 directly through the enzyme ribulose-
biphosphate-carboxylase (Calvin pathway) while C4 plants (maize and sugar cane) use the 
enzyme phosphoenol pyruvate-carboxylase (Hatch-Slack pathway). The R parameter 
represents the relative distribution of deuterium in methyl and methylene molecules (R= 
2(D/H)2 / (D/H)1). The aforementioned parameters are determined using Site Specific 
Isotope Fractionation- Nuclear Magnetic Resonance (SNIF-NMR) of deuterium from wine 
alcohol (European Commission 1990). 
The 13C/12C ratio in plant material is mainly influenced by the plant CO2 fixation pathway. 
The usefulness of the carbon isotope ratio is as an additional tool to improve detection of 
certain kinds of fraud, such as the addition of cane sugar (Table 1). Thus it is more 
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effective to use the combination of both parameters, rather than one alone in order to 
detect any possible type of adulteration (Roßmann et al. 1996).  
The 18O/16O ratio of wine water is another parameter used in wine authenticity 
assessment. Indeed vegetal water is significantly enriched in 18O as compared to local tap 
water taken in by plants and eventually used to dilute wine due to the evapo-transpiration 
processes occurring in plants (Rossmann et al., 1999). The water cycle evaporation and 
condensation process influences the fractionation of oxygen and hydrogen isotopes. The 
changing of water from a liquid in the ocean to a vaporous state in the atmosphere 
influences isotope fractionation and thus the depletion of heavier isotopes in the 
atmosphere. The whole process is dependent on temperature and the trajectory from the 
water source (sea, ocean). The result of this phenomenon is a distinctive isotope pattern 
for meteoric water, caused by different climatic and geographical conditions (Rozanski et 
al.1993). The isotope ratio of oxygen (18O/16O), influenced by meteorological parameters 
during grape development, is a useful parameter for detection of added water in wines 
(Table 1) and a useful tool for origin and vintage recognition (Hermann and Voerkelius 
2008, West et al. 2007).  
 
 
Figure1: Positions of the site specific D/H isotope ratio in the methyl and methylene 
position of the wine ethanol molecule, (D/H)1 and (D/H)2. 
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Table 1. Typical values for the isotopic ratios of wines (95% confidence interval) and the 
values for tap water, beet and cane sugar (Dordevic et al. 2013).  
 (D/H)1 (D/H)2 δ
13C δ18O 
Wines, 95% CI  98.8 to 106 124.5 to 
135.5 
-29.3 to -24.3 -1.3 to 8.9 
Beet sugar 92.5  -27.5  
Cane sugar 109.5  -12  
Water (Italy)    -9 to -5 
 
There are official EC/OIV methods based on stable isotope ratio analysis (Organisation 
Internationale de la Vigne et du Vin 2001, 2009, 2010; European Commission 2008) 
usable to detect fraud. In these methods the abundance of 13C/12C and 18O/16O is typically 
presented using delta notation (δ13C and δ18O), with stable isotope abundance being 
expressed in relation to a standard.  
 
δ = (Rsample/Rstandard - 1) x 1000‰ 
 
Rsamp = 
13C/12C or 18O/16O (molar ratio of heavy and light isotopes) 
The internationally recognised standards are shown in Table 2. 
 
Table 2: Internationally recognised 13C/12C (C) and 18O/16O (O) standards 
C Pee Dee Belemnite (PDB) Rstand = 0.0112372 
O Standard Mean Ocean Water (SMOW) Rstand = 0.0020052 
 
δ13C and δ18O parameters are measured using Isotope Ratio- Mass Spectrometry (IRMS). 
 
1.3.1. The official EC/OIV method 
In the case of must and wine, since 1991 the addition of water and exogenous sugars has 
been detected by analysing the isotopic ratios of hydrogen (D/H) and carbon (13C/12C) in 
ethanol and oxygen (18O/16O) in water. OIV (International Organization of Vine and Wine) 
methods are currently adopted: OIV-MA-AS311-05 for site-specific analysis of the D/H 
ratio using 2H-SNIF-NMR (2H-site-specific Natural Isotope Fractionation - Nuclear 
Magnetic Resonance), OIV-MA-AS312-07 for analysis of the 13C/12C ratio (expressed as 
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δ13C ‰) using Isotope Ratio Mass Spectrometry (IRMS), OIV-MA-AS2-12 for analysis of 
the 18O/16O ratio (expressed as δ18O ‰) using IRMS. Addition is detected by comparing 
the results with an appropriate databank, such as the official EU databank set up in 1991 
(EU Regulations 2347 and 2348/91) by the European Union for all wine-producing 
countries within its territory. According to current Regulations (EU Regulation 555/2008), a 
number of samples representing the wine production of each member state are officially 
collected every year and analysed using the above-mentioned OIV methods. In Italy, more 
than 400 samples are collected every year. For each sample about 10 kilos of fresh 
grapes are harvested and vinified under controlled conditions. The whole process of 
vinification is performed without the addition of any unpermitted substances (e.g. water, 
beet and cane sugar), and only Saccharomyces cerevisiae yeast is added to complete 
fermentation. Finally, the resulting wines are analysed and their isotopic ratios are stored 
in the Wine Databank. The ultimate aim of the databank is to collect the wines’ H, C and O 
isotope ratios ((D/H)1, (D/H)2, R, δ
13C and δ18O) for ethanol and wine water. The isotope 
data bank makes reference data available on a yearly basis, thus allowing legal limits to be 
defined on the basis of isotopic data for each country, each sub-area (e.g. region) and 
each protected denomination (PDO-IGP), as well as general limits, when origin and year of 
production are not declared. 
 
1.3.2.  Background  
In the last 20 years many research groups have investigated parameters correlated with 
the isotopic values of wine.   
Significant differences in (D/H)1 were found in samples collected from 1987 to 1992 from 
the Adriatic and Tyrrhenian coasts, demonstrating the significance of the longitude factor 
(Monetti et al. 1994). Taking into consideration samples from small areas of Italy, positive 
correlation between the (D/H)1 of ethanol with mean temperature and negative correlation 
between the same parameter and amount of precipitation were observed (Aghemo et al. 
2011). Based on analysis of 284 wine samples originating in 19 different countries, 
correlation between (D/H)1, (D/H)2  and latitude were found, except in samples where 
irrigation took place with water coming from other regions (Bigwood et al. 1998). 
Furthermore, according to work based on samples from 34 regions across the world, 
(D/H)1 and (D/H)2 and the δ
13C of ethanol, there is a positive correlation with mean 
temperature, and a negative correlation with the amount of precipitation in the period of 
sugar accumulation and grape ripening (Martin and Martin 2003). Based on 102 samples 
25 
 
from Slovenia, distance from the sea was shown to be a factor influencing variations in 
(D/H)2, δ
13C and δ18O values (Ogrinc et al. 2001), which may be due to different climatic 
conditions in coastal and inland areas (Kosir et al. 2001). The isotopic ratios of H and O 
are affected by climatic conditions from the start of grape maturation period until harvest, 
more precisely by temperature and relative humidity, which control the degree of 
evapotranspiration. They tend to enrich the grape water with 2H and 18O (Bricout 1978). 
Another work claimed that geographical and climatic variability of the stable isotope ratios 
of wines is due to fact that the H and O isotopic values of grape juices are also affected by 
source water, which changes with latitude and distance from the sea (Clark and Fritz 
1997). The δ18O values of source (ground) water are analogous to the δ18O values of 
precipitation, and regional mean values for the δ18O of precipitation, taking into account all 
locations in our data set, are shown in Figure 2.  
Precipitation during late grape development affects δ18O rapidly, due to stable isotope 
exchange with water vapour (Ingraham and Caldwell 1999). Furthermore, there is linear 
correlation between the δ18O of wine water and the amount of precipitation (Martin and 
Martin 2003). The strong climatic dependence of δ18O was confirmed for around 50 
samples from the western coast of the United States using multiple regressions to build a 
prediction model. For this purpose, the mean daily maximum temperatures and dew point 
temperatures in the grape ripening period (September and October) and the δ18O values 
of local precipitation were selected as predictors (West et all. 2007). Another model was 
obtained based on 775 wine samples from Germany, collected over 6 different years, 
showing a strong relationship between wine water δ18O and relative humidity for a period 
of 30 days before harvest (Hermann and Voerkelius 2008). Along with climatic conditions, 
irrigation can decrease wine δ18O and δ13C values, especially in warm areas (Gomez-
Alonso and Garcia-Romero 2010). A possible reason is that water used for irrigation is 
transported from distant areas, which have different isotopic profiles as compared to the 
wine-growing region. Based on analysis of 80 wine samples from southern Brazil, a trend 
for decreasing δ18O with latitude and altitude was found. Furthermore, δ18O was confirmed 
to have a strong discriminant capacity for samples from different areas, as compared to 
δ13C (Adami et al. 2010). 
Some authors have investigated the influence of grape varieties on the stable isotope 
ratios of wine (especially δ18O and δ13C), as a consequence of differences in the date of 
harvest and growing site, thus in the climatic conditions of the regions of provenance 
(Roßmann et al. 1999, Magdas et al. 2012, West et al. 2007, Adami et al. 2010). Only 
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Gomez-Alonso and Garcia-Romero 2010, in a local study found that δ18O and δ13C were 
affected by variety, regardless of the sampling data. Wines from early harvesting periods 
had higher δ18O values as compared to wines from late harvesting periods (Roßmann et 
al. 1999), due to the difference in climatic conditions.  
The carbon isotopic ratio (13C/12C) of grape sugar and thus ethanol is affected by stomatal 
conductance and intercellular and ambient CO2 concentration, which is controlled by 
climatic factors (temperature, relative humidity, water stress, amount of precipitation) 
(O’Leary 1995, Scheidegger et al. 2000, Scartazza et al. 2004). 
 
Figure 2. Regional mean values for the δ18O of precipitation, taking into account all the 
locations in our dataset  
 
Because of the fact that the isotope ratios of some elements vary, as a result of ecological 
and chemical processes caused by spatial and temporal variations of isotopes in 
environmental materials, these values can be predicted by models of isotope fractioning 
processes and data about the environmental conditions across space and time, which is 
called isoscape (Bowen, 2010). Isoscapes of strontium, hydrogen, oxygen, carbon and 
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nitrogen have been used in wide range of applications (food authentication, animal 
migration, climate, archeology, forensic studies, etc.) regarding the sources and origin of 
different matrices via their isotopic signatures. The existence of current isoscapes enables 
us to calculate isotopic abundances in soil, water (Bowen et al. 2005) and numerous food 
products, including olive oil, mineral water, honey, chicken, wheat and lamb (TRACE TOLL 
2009). 
 
1.4. Chemometrics and verification of wine authenticity claims 
 
Chemometrics is the discipline within chemistry that develops methods to obtain relevant 
information from chemical data using mathematical and statistical tools. These range from 
data exploration to methods applied to solve predictive problems in experimental 
chemistry. In predictive applications, the properties of chemical systems are modelled with 
the intent of predicting new properties or behaviour of interest. In food authentication 
applications, it is important to know which group the samples belong to and the hypothesis 
is that the characteristics of the particular food products are described by the multivariate 
data structure of that group. The main task for chemometrics here is to summarise this 
multivariate structure appropriately in order to establish rules for correctly assessing new 
observations where the group membership is under evaluation. 
The number of works in the field of food authentication and traceability, based on stable 
isotope ratios and chemometrics, is increasing. In those studies, different chemometrics 
methods are applied to tackle the problem of authenticity evaluation. For example, 
separation between olive oil samples originating in different Mediterranean countries 
based on δ13C and δ18O values was obtained by applying hierarchical cluster analysis and 
principal component analysis (Angerosa et al. 1999). Using multi-element and (H, C, N, S) 
stable isotope ratio in combination with linear discriminate analysis, a high percentage of 
correct classification was obtained for lamb meat from several European regions (Camin et 
al. 2007). With the help of canonical discriminant analysis it was confirmed that carbon and 
sulphur isotopic ratios provide the maximum discrimination between honey samples 
originating in different regions in Europe by comparing nitrogen and hydrogen isotopic 
ratios (Schellenberg et all. 2010). Combination of stable isotope ratios and mineral 
composition in tomato and derivatives along the production chain (juice, passata and 
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paste) were confirmed to be an adequate source for sample discrimination according to 
their origin by applying linear discriminant analysis (Bontempo et all. 2011).  
In the field of wine authentication there are also works based on chemometrics and stable 
isotope ratios. The stable isotope data of wines produced in Slovenia were evaluated 
using principal component analysis and linear discriminant analysis. It was found that it is 
possible to separate wine samples originating in different regions based on (D/H)2,  δ
13C, 
δ18O vine parameters (Ogrinic et al. 2001). By using a combination of isotopic, classical 
parameters and elemental composition, Switzerland was divided into four main production 
zones with a discrimination ability that had not previously been achieved (Gremaud et al. 
2004). There is only one work applying multivariate statistics to wine authentication using 
stable isotope ratios, based on a small set of samples from the EU Wine Databank 
(Wachter et al. 2009). 
Most of the research papers dealing with authenticity evaluation of foods use classification 
techniques. These techniques are useful from scientific point of view when we want to 
evaluate possibilities for discrimination of two or more groups and to evaluate importance 
of parameters for discrimination. For the cases where it is known which parameters are 
representative for groups of interest, classification techniques are not very useful and class 
modeling techniques are more suitable. This is especially the case for the food authenticity 
check for PDO foods, where class modeling techniques are used to verify declared 
authenticity claims (labeled origin, presence of unpermitted supplements, etc.) (Forina et 
al. 2008, Forina et al. 2009, Casale et al. 2008). Class modelling techniques answer the 
question: “does a sample X, declared as belonging to class A, really belong to class A?”. 
This approach is different compared with the classification ones, in terms of each class 
being independent from the others, and the corresponding classification is more flexible. 
As a result, all samples under the evaluation can be accepted by the models in only one 
class, in more than one class or to be rejected by all class models. In univariate statistics, 
the answer to the class modeling technique general question can be obtained from the 
known significance test with the null hypothesis: 
HO: x, the value of a parameter for sample X is not significantly different from m, the 
estimated mean of the parameter for the class A. 
While in univariate methods evaluates all parameter separately from each other, 
multivariate methods consider all parameters simultaneously and thus often gain a new 
and higher insight and quality in data evaluation. Univariate evaluation of each parameter 
separately would lead to the wrong conclusion that the variables are useless, while in 
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multivariate analysis correlations between all parameters are considered and test is more 
powerful (Saccenti et al. 2014).   
To evaluate class model performance, the results are expressed with two parameters, 
sensitivity and specificity. Sensitivity value is percentage of samples from the same class 
which are correctly accepted by the class model (the percentage of Correct I decisions - 
true positives). Specificity value is the percentage of samples from all the other classes 
which are correctly rejected by the class model (the percentage of Correct II decisions - 
true negatives) (Forina et al. 2008).  
For example, practical meaning is that if one red wine is labeled with particular region of 
origin and vintage, classification approach would require at least two groups of 
representative samples: the first group of wine samples should represent all authentic red 
wines from labeled origin and vintage, and the second group should represent all samples 
outside of labeled group and vintage which is not possible. Also, beside from the false 
claim of origin in wine sector, there are other common frauds such as addition of sugar 
and water during the winemaking process, etc. These fraud samples should also be 
included in second group which is rarely realizable. Because of these reasons, class 
modeling techniques are a suitable approach for addressing the majority of real 
authentication problems (Oliveri and Downey, 2012). 
 
1.5  Aim and outline of the thesis 
 
As mentioned above, the method for wine authenticity evaluation based on stable isotope 
ratio analysis has been in use for many years, so a large amount of data have been 
accumulated to date. We believe that it is time to carry out critical evaluation of the 
statistical methodology used to interpret data from the Wine Databank, to assess 
performance and possibilities for improvement, and to evaluate the climatic and 
geographical dependence of stable isotopes ratios used in wine authenticity evaluation. 
Besides extending general scientific knowledge on the stable isotope ratios of wines, the 
output of this thesis will provide insight into the performance of the method used in wine 
authenticity applications and will develop new methods for data interpretation. 
Furthermore, this work will help us to understand the disadvantages of the method in order 
to improve it in the future.  
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The Italian Databank is one of the best possible sources for this research because it 
contains a very large number of wine samples and also because these samples originate 
in a climatically varied country. 
In the first study we investigate univariate approaches underlying the official method for 
each parameter separately, to assess claims of origin based on individual t-tests. To better 
discriminate between samples from different regions, several extensions of univariate t-
tests are proposed, with one univariate and two multivariate statistical methods. The 
results are based on 5220 authentic Italian wine samples, collected in the period from 
2000 to 2010, following the official procedure.  
In the second study, the ability to detect unpermitted addition of cane and beet sugar to 
grapes before fermentation and the dilution of wine with water are evaluated using the 
univariate statistical method (based on t-tests) and its multivariate extension (Hotelling t-
test). The analysis is based on validated simulations, adding different amounts of water, 
cane and beet sugar to wine, which provides additional insight into the importance of 
different isotopic parameters for fraud detection.     
In the third study, the relationships between wine (D/H)1, (D/H)2, δ
13C and δ18O and the 
climatic and geographical parameters of the provenance areas are evaluated, as well as 
their general climatic dependence on wine growing areas. Comprehending these 
relationships is important for general understanding of isotopic phenomena, which can 
help us to make additional improvements to wine authentication procedures based on 
stable isotope ratios.  
Finally, chapter 5 summarises all the findings resulting from this thesis. Perspectives for 
further research are also presented. 
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Abstract 
 
Wine derives its economic value to a large extent from geographical origin, which has a 
significant impact on the quality of the wine. According to the food legislation, wines can be 
without geographical origin (table wine) and wines with origin. Wines with origin must have 
characteristics which are essentially due to its region of production and must be produced, 
processed and prepared exclusively within that region. 
The development of fast and reliable analytical methods for the assessment of claims of 
origin is very important. The current official method is based on the measurement of stable 
isotope ratios of water and alcohol in wine, which are influenced by climatic factors. The 
results in this paper are based on 5220 Italian wine samples collected in the period 2000-
2010. We evaluate the univariate approach underlying the official method to assess claims 
of origin and propose several new methods to get better geographical discrimination 
between samples. It is shown that multivariate methods are superior to univariate 
approaches in that they show increased sensitivity and specificity. In cases where data are 
non-normally distributed, an approach based on mixture modelling provides additional 
improvements. 
 
Keywords 
H, C and O isotopes; EU Wine Databank; regional origin; univariate; multivariate; mixture 
modelling  
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2.1  Introduction 
 
Wine derives its economic value partly from its geographical origin and falsely declaring a 
certain origin of wine is a relatively common fraud [1] and therefore is important to be able 
to assess whether claims of origin are valid [2]. According to food legislation wines can be 
without origin (table wines) or with origin. Wines with origin must be produced, processed, 
and prepared in a specific region using traditional methods. DOC (Controlled designation 
of origin) and DOCG (Controlled designation of origin guaranteed) are geographical 
indications to protect names of Italian wines [3, 4]. IGT (Indicazione geografica tipica) is 
the Italian national classification scheme created to recognize high quality wines that do 
not meet requirements for the DOC and DOCG schemes. Currently, Italy has 329 DOC, 70 
DOCG and 118 IGT wines. [5] 
The official method to assess claims of origin is based on the measurement of the ratio 
between stable isotopes (that do not decay over the time) of the biologically important 
elements (H, C, and O) of wine components. The isotopic ratios of these elements (D/H, 
13C/12C and 18O/16O) show variations related to climatic factors and to the photosynthetic 
cycle of the plant [6]. This therefore gives information about the origin of a wine, and is 
also usable to detect adulteration such as addition of cane and beet sugar, and water. In 
particular, referring only to the geographical variability of wine grape, D/H and 18O/16O in 
the plant are influenced by the isotopic content of the local groundwater [7, 8] and by the 
climatic conditions of the pre-harvest period influencing the evapotranspiration processes 
occurring in plants [9]. The ratio13C/12C in plant material is influenced by several 
environmental and physiological factors that influence the stomatal conductance and the 
intercellular and ambient CO2 concentration, such as relative humidity, temperature, 
amount of precipitation and water stress [10-12]. 
A system of official databanks for all wine-producing countries within European Union 
territory has been set up since 1991 [13, 14]. According to the current EU Regulation [15], 
every year a number of samples representative of the wine production of each member 
state are officially collected. The yearly contribution of Italy is 400 samples, originating 
from different wine-growing regions – in each case, care has been taken to take samples 
that are representative for the whole region. For each sample about 10 kilos of fresh 
grapes are harvested, vinified under controlled conditions and finally the resulting wines 
are analysed. The resulting isotopic ratios are stored in the databank. The current method 
to assure claims of origin is to apply univariate t tests for all variables in the databank. 
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The application of multivariate statistics can lead to big improvements, compared to 
univariate methods, and there is an increase in the number of applications of multivariate 
statistics in food authentication and traceability using stable-isotope ratios [e.g., 16-20]. 
For wines, mostly in combination with other analytical approaches, some publications 
assess geographical origin [21-23]; fraud detection, based on a small subset of the EU 
databank, has also been described [24].  
In this work, we investigate the univariate approach underlying the official method to 
assess claims of origin, and propose several extensions, based on the 5220 Italian wine 
samples collected in the period 2000-2010. As a multivariate extension to the t test, the 
Hotelling T2 test is used, which is based on the Mahalanobis distance. In addition, mixture 
modelling can be used to improve the description of the data, leading to narrower 
confidence intervals and hence better classification properties. This method can be applied 
both in the univariate (t test) and multivariate (Mahalanobis distance) cases. The results 
show that significant improvements can be obtained. 
 
2.2  Methods 
 
2.2.1  Samples  
The samples from the Italian Wine Databank from 2000 to 2010 are considered, 
originating from 17 Italian regions. The number of samples per year varies from 449 in 
2010 to 534 in 2000. For each sample, five variables based on isotopic ratios are 
available. The ratio between deuterium and hydrogen of the methyl group in alcohol is 
indicated with (D/H)1, and the corresponding ratio in the alcohol methylene group with 
(D/H)2. These parameters are determined with nuclear magnetic resonance (NMR) [25]. 
The R variable represents the ratio of these two variables (R= 2(D/H)2 / (D/H)1 ). The other 
two isotopic ratios in the databank, 13C/12C and 18O/16O, are measured by isotope-ratio 
mass spectrometry (IRMS). They are presented in delta notation, in which the stable 
isotope abundance is expressed relative to a standard, V-PDB (Vienna - Pee Dee 
Belemnite) for 13C and V-SMOW (Vienna – Standard Mean Ocean Water) for 18O. All 
data have been obtained according to the official methods [26-28]. Yearly variation in 
weather conditions affects isotopic variables and samples from the same region cannot be 
compared across different years. Thus, every combination of region and year forms a 
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separate “class”. Figure 1 shows a box plot indicating the number of samples per class 
over the years. Although there is some variation, we see that the classes generally contain 
reasonable numbers of samples. For every class, we can define “typical” ranges for the 
isotopic variables, which can be used to decide whether new samples can originate from a 
particular class or not.  
Figure 1. Boxplots of class sizes over all years.  
 
2.2.2  Univariate method 
The samples from the Italian Wine Databank can be used to calculate confidence intervals 
(CI) for the five variables (D/H)1, (D/H)2, R, δ
18O, δ13C, assuming normal distributions:   
CI = 𝑥 ± t * sd                   (1) 
𝑥 - mean value of the examined isotope parameter for the particular class, 
t – t value for the appropriate confidence level and number of degrees of freedom, 
sd – standard deviation. 
 
An overall assessment of a claim of origin consists of five t tests, one of every variable. If 
any of the tests leads to a rejection of the null hypothesis, then the sample is considered to 
be non-authentic and to originate from another class. In the application of the official 
method, other considerations are taken into account apart from statistical considerations – 
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note that five univariate tests at 95% confidence lead to an overall confidence level of 
77%, which is very low. For comparison purposes, we focus on the statistical part of the 
official method and use an overall confidence level of 95%, corresponding to a 99% level 
of confidence for the individual tests (0.995 = 0.95). Note that, as in the official method for 
checking claims of origin, we are treating the five variables as independent, even though 
one of them (R) is a ratio of two of the others. 
           
2.2.3  The Mahalanobis distance 
The multivariate extension of the t test, used in this study, is the Mahalanobis distance 
(MD) [29]. Rather than doing five separate tests, as in the univariate case, the (squared) 
Mahalanobis distance measures the distance of a sample to the center of the distribution 
(given by the values for the wines in a particular class), taking into account the correlation 
in the data: 
MD2 = (X - 𝑋)T C-1 (X - 𝑋)                (2) 
X - vector of the isotope data to be examined, 
𝑋 - mean vector of the isotope data of the particular class, 
C - covariance matrix of the samples from particular class. 
 
The squared Mahalanobis distance approximately follows a chi-squared distribution with m 
degrees of freedom (m is the number of variables) [30]. As a threshold value, again the 
95% quantile of the chi-square distribution is used. Samples which do not exceed the 
threshold value can be said to belong to the particular class of interest, and they are 
considered to be authentic. Samples with larger Mahalanobis distances are assessed to 
not belong to that class, and are considered as non-authentic. 
 
2.2.4  Mixture modelling 
Both t tests and Mahalanobis distance assume normally distributed data. In practice, 
however, it often happens that data are distributed differently: in the Wine Databank, for 
instance, there are several examples of regions that seem to have multimodal 
distributions. This can be explained by differences in climate and environmental factors 
within one region. As a result, confidence intervals are much wider than necessary and 
statistical tests lose power. Mixture modelling [31] is an approach to describe multimodal 
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distributions with several gaussians. The optimal number of gaussians is usually 
determined by criteria like the Bayesian Information Criterion (BIC): 
 
BIC = 2 lnL - np ln n                (3) 
lnL- log-likelihood 
n- number of objects  
np- total number of parameters to be estimated 
 
The BIC strikes a balance between an accurate description of the data (a high log-
likelihood) and a parsimonious description, using as few parameters as possible (hence 
the second term, which penalizes solutions with many parameters). Also other 
approaches, such as crossvalidation, could be used for this purpose. The main advantage 
of using BIC in this case is that all samples are available simultaneously for the definition 
of the confidence intervals, whereas in crossvalidation only a subset is used. Even though 
the wine databank is quite large, for individual classes the number of samples can be 
limited and using the BIC rather than crossvalidatin allows us to use as many as possible 
in the definition of the confidence limits. 
In order to describe non-normally distributed data from a particular class, mixture 
modelling uses a weighted sum (Φi,tot) of the densities of the individual gaussians (Φi,c). 
The mixture parameter Ƭc represents the weight, or proportion, of any gaussian c in the 
mixture: 
Φi,tot = Σ ƬcΦi,c                 (4) 
 
The values for the mixture proportions and the individual gaussians are typically obtained 
by application of the expectation maximization (EM) algorithm [32]. Here, the MCLUST 
software, version 3 [33, 34] for R [35] is used. This software also provides the possibility to 
impose certain restrictions on the gaussian distributions used in the modelling: one can, 
e.g., require that they all have the same shape, or orientation, or size, or a combination of 
these restrictions, leading to different models of different complexity [33]. The advantage of 
this is that simpler models need fewer parameters to be calculated and are less likely to 
overfit. The BIC value is then used not only to choose the optimal number of gaussians, 
but also to identify the optimal model. 
Once the optimal parameters have been identified by the EM algorithm, a cutoff value for 
the density needs to be defined. New samples with a density lower than the cutoff can 
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then be classified as non-authentic, and samples with a higher density as authentic. Since 
the maximal number of training instances is around 40, the densities of the original 
samples are not immediately useful for identifying the threshold. However, the threshold is 
easily obtained by sampling from the fitted density: generating a large number of random 
samples from this mixture distribution immediately gives us an accurate estimate of, e.g., 
the 5% density quantile, corresponding with a univariate 95% confidence interval. A similar 
approach has previously been used in the context of statistical process control [36]. 
 
2.2.4.1  Univariate mixture modelling 
Firstly, the mixture modelling approach is applied to every variable separately (univariate 
approach). The BIC is used to determine the optimal model to describe each variable. 
Both the number of gaussians, and the type of model are optimized. In this case, only two 
different models are possible – gaussians forced to have the same variance, or gaussians 
with different variances. If the optimal number of gaussians for a particular variable equals 
one, the result for this variable is equal to the t test. If more gaussians are needed, results 
are different. The threshold for each variable separately is obtained as described above, 
taking into account the fact that we are again combining the result of five individual tests. 
Since we aim at an overall confidence level of 95%, the individual tests are again 
performed at 99%. 
 
2.2.4.2  Multivariate mixture modelling 
The multivariate case is handled analogously: multivariate class distributions are fitted with 
a mixture of gaussians. If the BIC indicates that one gaussian suffices, the results are the 
same as the results of the Mahalanobis distance; if more gaussians are required, the 
results are different. Since only one test is done in this case, the multivariate method 
immediately employs the 95% threshold from the (multivariate) densities. For multivariate 
distributions, as many as fourteen different mixture models are possible: again, the BIC 
value is used to choose the optimal one [33]. 
 
2.2.5  Evaluation of the statistical models 
Results are expressed in the familiar terminology of sensitivity and specificity. Sensitivity, 
also known as the true positive fraction, is the proportion of samples belonging to the class 
that are accepted as authentic. Since we have set the confidence level of our statistical 
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tests to 95%, by definition, the sensitivity in all cases should be 95% or a value close to 
that. Specificity is defined as the proportion of samples outside of a class which are 
recognized as non-authentic. This is also known as the true negative fraction, and is 
related to the power of the test: a high power indicates that non-authentic samples are 
being recognized as such with high probability. 
Note that specificity in our framework is estimated without bias: the models are built using 
only class samples, whereas specificity is evaluated using the samples that are not in the 
class. On the other hand, sensitivity in the case of mixture modelling may be slightly lower 
than expected since the BIC criterion chooses the optimal model and number of 
gaussians. Therefore, a separate validation step is included to make sure that sensitivity 
values are at the expected level. We achieve this by performing a crossvalidation, only for 
the fifteen classes with the largest numbers of samples. The crossvalidation is performed 
by leaving out a random subset of samples, building the model, and testing the model on 
the left-out samples. This procedure was repeated 1000 times, and the mean sensitivity 
values were recorded. 
 
2.3  Results and Discussion 
 
2.3.1  Univariate method 
Figure 2 shows sensitivities and specificities for data from all regions in the year 2005, 
according to the univariate method.  
Sensitivity values are 100% for many of the regions (e.g. Sardinia, Lazio, Campania) and 
at the lowest level is 89.5%, for Calabria. The mean sensitivity over all regions in 2005 is 
97.9%. Specificity values, however, vary from 20.2%, 22% and 23% for Marche, 
Campania and Calabria, to 74.7% and 82.9% for the Trentino Alto Adige (TNAA) and 
Sardinia regions, with a mean specificity value of 45.8% over all regions. Similar figures 
are obtained for other years. The sensitivity values therefore are quite good, but it seems 
that specificity values can be improved. 
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Figure 2. Sensitivity and specificity for all regions from 2005: univariate method. Regions 
discussed in the text are labeled. 
  
2.3.2  The Mahalanobis distance 
Indeed, the other methods proposed in this paper show significant improvements in 
specificity. Figure 3 presents the example of the Lazio region for all years considered. In 
all cases, sensitivity values are the same or very similar, so that we focus on specificities 
only. 
For the Mahalanobis distances, the specificity values vary from 41.3% in 2004 to 77.7% in 
2008, with a mean value of 55.0%. Since the mean for the univariate method equals 35.3%, 
using the Mahalanobis distance leads an improvement of almost 20%. Specificity values vary 
within the mentioned range, but there are big improvements in every single case. A similar 
pattern can be observed for all other regions. These results indicate that using the 
Mahalanobis distance, discrimination between samples from different Italian regions is 
improved dramatically.  
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As seen in Figure 2, there are large differences between individual regions, depending on 
their geographic and climatic conditions. The way this affects the Mahalanobis distances can 
be visualized in Principal Component (PC) space [37]. The positions of samples from Lazio 
and Trentino Alto Adige are shown in red triangles in Figure 4, whereas data from the other 
regions are shown in gray dots. Clearly, the samples from Lazio are much more central than 
the ones from Trentino Alto Adige, and show much more overlap with samples from other 
regions, the main reason why specificity for Trentino Alto Adige is much higher than for Lazio.  
  
Figure 3. Specificity values of the four different methods for Lazio region from 2000 to 
2010. Abbreviations UN, MD, UN.MM and MM correspond to univariate method, the 
Mahalanobis distance, univariate and multivariate mixture modelling.  
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Figure 4. Visualization of Lazio (left) and Trentino Alto Adige (right) reference samples 
(vintage 2005) using 2 principal components. The ellipses correspond to the value of 95% 
quantile of the chi-square distribution. 
 
2.3.3  Mixture modelling 
2.3.3.1  Mixture modelling validation  
To validate the sensitivity results of the BIC-selected models, crossvalidation was 
performed for the samples from the fifteen biggest classes. Only the biggest classes are 
considered in order to minimize the bias introduced by the subsampling in the 
crossvalidation procedures. The results for multivariate mixture modelling are shown in 
Figure 5, containing the averaged sensitivities. Clearly, sensitivity values drop when using 
more complex models, i.e. models with more gaussians or with more parameters. The 
three most complex models, EEV, VEV and VVV lead to quite big decreases in sensitivity, 
especially for models with more than one gaussian, and these have been excluded from 
the list. For all other models with one or two gaussians, sensitivity drops are small, and 
therefore we are considering these seven models with up to two gaussians in the 
remainder of the paper. For univariate mixture modelling, similar results are obtained and 
all models with one or two gaussians are allowed. The more complex models excluded in 
this paper, should only be considered if many more samples would be available. 
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Figure 5. Visualization of average sensitivity values (15 largest classes only) from cross-
validation for different multivariate mixture models in terms of shape, volume and 
orientation [33]. Nclust specifies the numbers of mixture components (clusters).Models are 
sorted from the simplest model on the left to the most complex model on the right. The 
horizontal dashed line represents the expected sensitivity from a univariate model testing 
at 0.955 = 0.77, the basis of the current official method. The vertical dashed lines split 
models with spherical, diagonal and elliptical distributions [33].  
 
2.3.3.2  Univariate mixture modelling 
As for the normal univariate model, the confidence level was set to 99% for each variable, 
leading to an overall confidence level (and hence sensitivity) of 95%. Considering only 
models with up to two gaussians, Figure 3 shows that the average specificity for Lazio 
increases from 35.3% (univariate method) to 41.1%, which is an improvement of almost 6%. 
In the years 2005, 2008 and 2009, no improvement is obtained: these are the cases where 
one gaussian is optimal, and then the results are equal by definition. In cases where two 
gaussians are used, improvements are obvious. For example, the specificity for Lazio 
samples in 2004 increases from 22.7% to 39.9%; the specificity for 2000 increases from 
14.9% to 27.0%.  
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Figure 6. Visualization of distribution of (D/H)1 for Campania 2005 samples defined with 
one (left) and two (right) Gaussians. The vertical dashed lines correspond to threshold 
values, and horizontal dashed line to the 99% percentile of density. The confidence 
interval on the right is narrower than that on the left. 
 
 
The reason for the improvement is that univariate mixture modelling creates narrower 
confidence intervals for non-normally distributed parameters, resulting in less overlap with the 
samples of other regions (Figure 6). Assuming the normal distribution, the 99% confidence 
level for (D/H)1 in Campania 2005 samples range from 99.4 to 104.9; corresponding interval 
for the two-gaussians solution is from 99.8 to 104.1.  
  
2.3.3.3  Multivariate mixture modelling  
In the multivariate mixture modelling results, only models with up to two gaussians are 
considered, and the three most complex models are excluded. The most frequently 
selected model is defined with one gaussian. In multidimensional space these models 
have the same shape and orientation as model obtained by Mahalanobis distance and the 
results are the same. This is exactly analogous to the univariate case.  
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Figure 7. Visualization of Lazio reference samples from 2006 using 2 principal 
components. The left plot shows the one-gaussian density (corresponding to the 
Mahalanobis distance criterion), and the right plot shows the two-gaussian mixture 
modelling approach. The smaller volume covered with the mixture modelling solution leads 
to an increase of the specificity.  
 
In cases where two gaussians are selected, this results in better discrimination between 
samples from different classes, i.e., higher specificity values. Figure 3 shows that in two 
years, a significant improvement is obtained over the Mahalanobis distance by using 
mixture models with two gaussians. Specificity values for Lazio samples reach 62.0% in 
2003 and 57.8% in 2006, while with the Mahalanobis distance those values are 43.8% and 
48.1%, respectively. Also in other classes the same behavior can be observed. For 2004 
and 2010, five regions are defined with two gaussians; for 2006, four regions; for 2001 and 
2002, three regions; in 2007, 2008 and 2009, two regions are defined with two gaussians 
and in 2000, 2003 and 2005 only one. The most frequent region defined with two 
gaussians is Umbria, which indicates the existence of heterogeneity within that region.   
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Figure 8. Differences in sensitivities and specificities between different methods for 
analysed regions from 2000 to 2010, compared to the univariate method. Dotted lines 
represent average values of sensitivity and specificity differences.  
 
The improvements in specificity upon using more than one gaussian are illustrated in PC 
space for samples for Lazio, 2006 (Figure 7). The data are not normally distributed and 
when defined with a mixture of 2 gaussians, occupy less volume in multidimensional or PC 
space than the corresponding one-gaussian model. 
Summarizing, multivariate methods are better than univariate methods, and additional 
improvements can be obtained when the data are not well described by one normal 
distribution. This is visualized in Figure 8, showing the differences between the three 
extensions proposed in this paper and the univariate method. The improvements in 
specificity are substantial for all three (the blue dots are to the right of the origin) except for 
few cases for univariate mixture modelling. The average increase in specificity is 5% using 
the univariate mixture modelling, 18.0% for the Mahalanobis distance, and 19.8% for the 
multivariate mixture modelling (indicated with the vertical dotted lines in the Figure). On the 
order hand, the effect on sensitivity is small: the averages are very close to zero, indicating 
that the methods lose nothing in comparison to the univariate method. 
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2.4  Conclusion 
 
Claims of authenticity have profound economic consequences, and therefore it is becoming more 
and more important to be able to evaluate these claims. This is especially true for relatively high-
prized commodities like wine. This paper expands on the current practice of using an ensemble of 
five univariate t tests, providing three more powerful alternatives. In particular, multivariate 
methods provide big improvements in power, so that false claims can be discovered much more 
easily. Taking into account heterogeneity in climatic and geographic conditions in wine-growing 
areas, using mixture modelling approaches, leads to further improvements. For this purpose, the 
existence of a large databank of representative samples is indispensible. In the future, additional 
improvements in authenticity evaluation can be expected if the number of samples per region and 
per year could be improved, or if additional informative variables could be measured. 
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3  Detecting the addition of sugar and water to wine 
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Abstract 
 
Background and Aims: Wine fraud has been practised since ancient times, continuing up 
to the present day and taking many forms. In this study, detection of the addition of 
unpermitted sugar and water to wines was evaluated using a univariate method, officially 
adopted, and several more effective multivariate methods. 
Methods and Results: The results are based on 5220 Italian wine samples belonging to 
the European Union (EU) Wine Databank collected in the period 2000–2010. This 
databank contains stable isotope ratios for wine samples from many regions over many 
years. The addition of variable amounts of sugar and water was simulated according to 
experimental results, and univariate and multivariate methods were compared. It was 
shown that this type of fraud can be discovered much more easily by the application of 
multivariate methods. 
Conclusions: It can be difficult to detect the addition of unpermitted sugar and water to 
wines. With multivariate tests based on the EU Wine Databank, the likelihood of detecting 
this kind of fraud is significantly increased. 
Significance of the Study: This research evaluates and proposes a more efficient 
method for statistical interpretation of the EU Wine Databank for evaluation of wine 
authenticity. 
Keywords: adulteration, EU Wine Databank, stable isotope ratio, wine authenticity 
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3.1  Introduction 
 
Evaluation of the authenticity of wine involves checking several claims, such as declaration 
of origin, vintage and production method. In the wine industry, there are many examples of 
producers using fraud in order to increase profit (Holmberg 2010). Beet sugar, cane sugar 
or rectified must can be added to grape must or wine before or during fermentation to 
increase the natural ethanol content and therefore the value of the wine. This procedure is 
legal only for specific wine-growing regions and vintages that suffer from a lack of sun 
hours during the grape-ripening period, leading to low grape sugar content. Wine is 
unstable without a certain content of alcohol, and the addition of sugar before fermentation 
may be vital for wine stability. For other areas, including the whole of Italy, the addition of 
sugar is not allowed. Dilution of wine with water is also considered a fraud in the wine 
sector. According to European Regulations 479/2008 and 1234/2007 (European 
Commission 2007, 2008a), wine is defined as a product obtained exclusively from the 
alcoholic fermentation of fresh grapes, whether crushed or not, or grape must. In this 
paper, the addition of both sugar and water will be described using the term ‘adulteration’. 
In order to prevent such fraud, the development of fast and reliable analytical methods for 
fraud detection is important. 
Measurement of stable isotope ratios of the biologically important elements (H, C and O) 
for grape products has been adopted as the official method by European Union (EU) 
regulations and by the Organisation Internationale de la Vigne et du Vin in order to detect 
the addition of water and sugar to grape products, based on comparison of sample data 
with that obtained for authentic products with the same origin. This has led to the creation 
of the European Wine Databank (European Commission 1990, 1991a,b, 1997, 2003, 
2008b).  
In Italy, at least 400 reference samples are included in this Wine Databank every year 
(collecting a specific number of samples from each individual region). The five stable 
isotope ratios (D/H)1, (D/H)2, R, δ
18O and δ13C are used to calculate confidence limits for 
authentic samples. Authenticity assessment then consists of five one-sample t-tests. If 
even one variable of a wine sample under investigation falls outside those limits, this 
sample is considered as nonauthentic. Note that such an approach is independent of the 
type of adulteration.  
In the literature, there are few studies of the application of multivariate statistics in wine 
authentication using stable isotope ratios (Ogrinc et al. 2001, Gremaud et al. 2004, Capron 
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et al. 2007, Wachter et al. 2009). Multivariate interpretation of the Italian Wine Databank 
has already shown that it is possible to improve differentiation between samples 
originating from different regions as compared with a univariate approach (Dordevic et al. 
2012). Here, we focus on detecting the addition of sugar and water to wine, comparing the 
univariate approach based on five individual t-tests with the multivariate extension (the 
Hotelling T2 test) which uses the Mahalanobis distance. The analysis is based on 
simulation of various quantities of sugar and water added to wine. 
 
3.2  Materials and methods 
 
3.2.1  Data 
In this study, the isotopic values of samples from the 17 largest Italian regions (in terms of 
number of samples) from the Italian Wine Databank for the period 2000–2010 were 
considered. These samples represent the full range of diversity within one region, in terms 
of climate, vineyard location, grape cultivar and date of harvest. The five variables were 
obtained according to official methods (Organisation Internationale de la Vigne et du Vin 
2001, 2009, 2011). (D/H)1 represents the ratio between deuterium and hydrogen of the 
methyl group in alcohol and (D/H)2 is the corresponding ratio in the alcohol methylene 
group. The ratio of these two variables [2(D/H)2/(D/H)1] is the third variable R. The 
13C/12C 
and 18O/16O variables are expressed in delta notation, in which stable isotope abundance 
is expressed relative to a standard, Vienna – PeeDee Belemnite for δ13C and Vienna – 
Standard Mean Ocean Water for δ18O.  
These isotopic ratios of wine show variations related to climatic factors in the preharvest 
period, which can change between years. Every combination of region and year is 
considered independently and forms a separate ‘class’. Samples from one class are used 
to define ‘typical’ ranges for the isotopic variables, which are used to evaluate the 
authenticity of wines on the market with the corresponding origin and vintage stated on the 
label. 
 
3.2.2  Fraud sample simulation 
Natural ratios of 13C/12C and 2H/1H isotopes in plant organic materials differ because of 
isotopic fractionation occurring during photosynthesis. For instance, carbon isotopic ratios 
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are influenced by the specific pathways active during carboxylation: C4 plants, such as 
maize and sugar cane, use the enzyme phosphoenol pyruvate-carboxylase (Hatch-Slack 
pathway) while C3 plants (wheat, grapes and sugar beet) fix CO2 directly through the 
enzyme ribulose-biphosphate-carboxylase (Calvin pathway). This means that grape and 
beet sugar can be distinguished from cane sugar on the basis of this isotopic ratio. 
The (D/H)1 ratio of ethanol from beet sugar is around 92.5 ppm, which is significantly lower 
than that of ethanol from wines or fruits (Martin et al. 1988). Addition of beet sugar to 
grapes therefore significantly decreases (D/H)1 in proportion to the amount of added beet 
sugar. The (D/H)2 value should not change significantly because it derives mainly from 
fermentation water. Furthermore, the δ13C value is not affected significantly because sugar 
beet belongs to the group of C3 plants, and the δ
13C value of ethanol from C3 plants is in 
the same range. The (D/H)1 ratio of ethanol from cane sugar is around 110 ppm, which is 
significantly higher than that from wine ethanol. Furthermore, the δ13C value of cane 
ethanol is significantly higher than that in wine ethanol (Roßmann et al. 1996, Christoph et 
al. 2003). This is confirmed by van Jaarsveld (2008), who showed that the addition of cane 
sugar to grape must leads to a significant linear change in the (D/H)1 and δ
13C values of 
wine ethanol in relation to the amount of added sugar, whereas it does not lead to any 
significant change in (D/H)2 and δ
18O values. Dilution with water shows little or no effect on 
the (D/H)1, (D/H)2 and δ
13C values of wine ethanol, but causes a significant linear change 
in the δ18O value of wine (van Jaarsveld 2008). 
To assess the potential of different fraud detection methods, we used these linear 
relationships to create simulated fraud samples. In order to obtain a large number of 
samples for accurate evaluation of the results, 1000 new samples were generated by 
drawing from multivariate normal distributions with the means and covariances given by 
the experimental data for the individual classes. These simulated, unadulterated samples 
were then used as a base to simulate the addition of different proportions of sugar (both 
cane and beet) and dilution with water. For instance, the proportion of added sugar is 
given by the following equation where madded sugar and mgrape sugar represent the amount of 
added and original grape sugar: 
 
e.g.       (madded sugar / (madded sugar + mgrape sugar)) * 100    (%)       (1) 
The mean isotopic values used for cane and beet sugar are from Christoph et al. (2003) 
and are summarised in Table 1. In comparison with the isotopic values for sugar, the 
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isotopic value of water is less constant and varies in relation to the geographic and climatic 
conditions of origin (van der Veer et al. 2009). According to Longinelli and Selmo (2003), 
mean oxygen isotopic precipitation values in Italy, which are analogous to δ18O values for 
ground and tap water, vary from approximately −9‰ in the north and central inland areas 
to −5‰ in the south (excluding locations higher than 1500 m above sea level. Because of 
the varying δ18O values of ground water, these extremes were the two values used in the 
simulations (Table 1). In this study, increasing fractions of added water, cane and beet 
sugar (from 1 to 100%) were simulated. It was assumed that 100% of sugar is fermented 
during the winemaking process. Thus, a series of adulterated samples was obtained for 
each of the 1000 simulated unadulterated samples (from 1 to 100% adulteration). It should 
be noted that even 100% adulteration, meaning that no grapes at all were used to produce 
the wine, can be encountered in practice.  
 
Table 1. Typical values for the isotopic ratios of wines (95% confidence interval) and the 
values for tap water, beet and cane sugar used for fraud simulation.  
 (D/H)1 (D/H)2 δ
13C δ18O 
Wines, 95% CI  98.8 to 106 124.5 to 
135.5 
-29.3 to -24.3 -1.3 to 8.9 
Beet sugar 92.5  -27.5  
Cane sugar 109.5  -12  
Water (North Italy)    -9 
Water (South Italy)    -5 
Empty cells in the table indicate that this particular adulteration did not significantly affect 
the corresponding isotopic ratio and was not modelled in our simulations.CI, confidence 
interval. 
 
To validate the results from fraud sample simulations, adulteration of wine samples was 
performed in our laboratory by adding different amounts of beet and cane sugar to the 
must before fermentation and by dilution with water. Then, isotopic parameters were 
measured. In particular, an increasing amount of crystalline beet and cane sugar (seven 
and six samples, respectively, with an increasing concentration of sugar, from 0 to 180 g/L 
was added to a fresh must (15°Brix) and subjected to complete fermentation with 
Saccharomyces cerevisiae yeast (Lallemand Inc., Montréal, QC, Canada), following the 
official method for must (Organisation Internationale de la Vigne et du Vin 2011). An 
75 
 
increasing amount of tap water, from 20 to 40%, was added to one sample of wine. The 
ethanol distillation procedure and the analysis of the isotope ratios of ethanol and wine 
water followed the official methods (Organisation Internationale de la Vigne et du Vin 
2001, 2009, 2011). 
 
Figure 1. Position of simulated samples for Tuscany in the space of the first two principal 
components, based on all experimental data, 2007 vintage. (●) Tuscan reference samples; 
the contour line corresponds to the 95% confidence level of the chi-squared distribution for 
these samples. (a) One simulated sample (△) from this distribution has been used to 
simulate the addition of an increasing amount of (▲) cane sugar (from 5 to 50% in 5% 
intervals). (b) A large number of samples has been simulated according to (△) the same 
distribution, (▲) along with the corresponding fraud samples with addition of 25% cane 
sugar. PC, principal component. 
 
3.2.3  Method evaluation  
The results are expressed in terms of two parameters: detection level and detection rate. 
The detection level represents addition of the lowest proportion of sugar (cane and beet) 
or water, which can be detected by a particular method. Put differently, it is the 
adulteration level at which a simulated fraud sample exceeds the confidence interval (CI) 
for that particular class. Mean detection levels can be calculated for both univariate and 
multivariate methods: the lower these values, the better.  
The detection rate is the proportion of fraud samples detected by a particular method at a 
certain adulteration level. If the detection rate for a particular adulteration level is 100%, 
this means that all such adulterated samples will be detected. Again, the 1000 simulated 
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unadulterated samples and their adulterated counterparts can be used to evaluate 
detection rates for the univariate and multivariate methods. 
In Figure 1, an example is given for simulations for Tuscany, 2007, where Figure 1a shows 
the reference Tuscan samples as filled black circles. The contour line in both plots 
visualises the region where one would normally expect to find samples from Tuscany, 
2007, based on the distribution of the reference Tuscan samples. Figure 1a shows the 
effect of increasing adulteration of one (simulated) sample with cane sugar. It moves away 
from the original position in a straight line. At some point, it will be outside the ellipse, at 
which point it will be detected as a fraud sample. This corresponds to the detection level 
for this particular sample. Similarly, Figure 1b shows many simulated samples with the 
same adulteration level (black filled triangles), originating from unadulterated simulated 
samples (open triangles). The proportion of filled triangles outside the ellipse is an 
indication of the detection rate. Samples are visualized in the principal component (PC) 
space (Jolliffe 2002). 
 
3.2.4  Univariate method  
The univariate method for detecting adulteration in wine samples consists of the repeated 
application of one-sample t-tests, comparing commercial samples with the databank 
values for the reference samples of a particular class. Normal distribution is assumed to 
define CIs for all parameters:  
CI = 𝑥 ± t * sd            (2) 
𝑥 - mean value of the isotope parameter examined for the particular class, 
t – t value for the appropriate confidence level and number of degrees of freedom, 
sd – standard deviation. 
Overall evaluation of authenticity is based on five t-tests, for all five isotope ratios. The 
sample is considered as nonauthentic if even one of the t-tests rejects the null hypothesis, 
which means that at least one of the variables falls outside the corresponding CI. To allow 
for direct comparison between univariate and multivariate methods, the overall confidence 
level was adjusted to 95%, setting each individual t-test to 99% (0.995 = 0.95) (Dordevic et 
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al. 2012). The results of the univariate method are indicated with the label ‘UN’ in the text 
and the figures. 
 
3.2.5  Multivariate method 
The Mahalanobis distance (De Maesschalck et al. 2000) is the multivariate extension of 
the t-tests. Instead of doing separate t-tests, the squared Mahalanobis distance measures 
the distance from the centre of distribution of samples from the corresponding class, taking 
into account the correlation between variables: 
 
MD2 = (X - 𝑋)T C-1 (X - 𝑋)          (3) 
X - vector of the isotope data to be examined, 
𝑋 - mean vector of the isotope data of a particular class, 
C - covariance matrix of samples from a particular class. 
 
In order to obtain 95% confidence as a threshold value, 95% of the chi-squared distribution 
is used with m degrees of freedom, where m is the number of variables (Varmuza and 
Filzmoser 2009). Nonauthentic samples are samples in which the Mahalanobis distance 
from the centre exceeds the threshold. For the results of the multivariate method, the label 
‘MD’ is used. 
 
3.3  Results and discussion 
 
Isotopic ratios measured in samples with the addition of different proportions of beet and 
cane sugar to the must before fermentation and dilution with water after fermentation were 
used to confirm the validity of our simulations. These were based on literature values, and 
in Figure 2 one can see that there is excellent agreement between the experimental 
results (open blue circles) and the parameters used for the simulation (solid red lines). For 
beet sugar addition, a limited effect was seen in the experimental values for δ18O, but this 
was attributed to water present in the crystalline sugar (added before fermentation) and 
was not taken into account in the simulations. Furthermore, there is a slightly different 
slope for δ13C, depending on the amount of cane sugar added. This of course depends on 
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the exact values for the sugar used, but clearly the literature values adopted here lead to 
realistic values.  
 
Figure 2. Visualisation of (o) experimental results and (--) simulated isotopic variables due 
to the increase in the proportion of beet and cane sugar added to grape must before 
fermentation and tap water added to the wine. 
 
Figure 3 shows the respective results for the 17 Italian regions from 2000 to 2010 in terms 
of the mean detection level for adulteration with beet and cane sugar, along with two 
values for water. It can be seen that the multivariate approach is more sensitive. The 
overall mean detection level for beet sugar was 33.2 and 27.2%, respectively, for the 
univariate and multivariate methods. For cane sugar, these values were 19.1 and 16.6%, 
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and in the two simulations of dilution with water, we can also see that the multivariate 
method obtained a lower mean detection level.  
 
Figure 3. Overall mean detection level for 17 Italian regions from 2000 to 2010 (a) with the 
addition of beet sugar, (b) cane sugar, (c) water (δ18O = −9‰) and (d) water (δ18O = −5‰). 
Dashed horizontal lines correspond to overall mean detection level for the (in red) 
univariate and (in black) multivariate methods. Standard abbreviations for the Italian 
regions are as follows: ABR, Abruzzo;CAL, Calabria; CAM, Campania; EMI; Emilia-
Romagna; FRI, Friuli-Venezia Giulia; LAZ, Lazio; LIG, Liguria; LOM, Lombardy; MAR, 
Marche; PIE, Piedmont; PUG, Puglia; SAR, Sardinia; SIC, Sicily; TES, Tuscany; TRE, 
Trentino-Alto Adige, UMB, Umbria; VEN, Veneto. 
 
It should be noted that in adulteration assessments other considerations (geography, 
climate, year and day of harvest, and cultivar) play an important role besides the statistical 
evaluation and that the detection level as reported here only relates to the latter. Moreover, 
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for wines with precisely defined origins, like protected designation of origin wines, the 
statistical approach alone will have much more power, and detection levels will be lower. 
Likewise, Figure 4 shows the detection rate for the different adulterations. In all cases, the 
dashed line indicating the multivariate approach is above the dotted line of the univariate 
approach. Again, this shows that the multivariate approach is more effective in detecting 
adulteration. Focusing for example on samples with the addition of up to 25% beet sugar, 
36% of the fraud samples are detected by the univariate method and 73% with the 
Mahalanobis distance. Although the general trend is the same for all four adulteration 
types, it can be seen that the numbers are different. Adulteration with cane sugar for 
example is easier to detect because two isotopic ratios change rather than one. This leads 
to a higher detection rate for both the univariate and multivariate methods. Nevertheless, 
the dominance of the multivariate method over the univariate method is constant in every 
single case. Similarly, the results for simulations of dilution with water show that it is easier 
to detect adulteration with water far away from the normal range of water in wine, 
completely in line with expectations. Because we use two extreme values for Italy, real 
adulteration will be between these two values. It should be noted that in other countries, 
different values for the simulations are likely to be more appropriate. This does not, 
however, influence our main conclusion, which is that the multivariate method is much 
more effective in detecting adulteration than the univariate method.  
It should be noted that the natural range of isotopic ratios of wine, in particular δ18O, varies 
according to geographical origin; thus, the final effectiveness of fraud detection is related 
to the origin of the wine and the water used for dilution. Adulteration of samples that are 
close to the border of the class is much easier to detect than adulteration of samples in the 
middle of the ellipses in Figure 1. Likewise, regions with homogeneous climatic conditions 
will have a much narrower CI, and in these cases it is also much easier to detect 
adulteration. Furthermore, values for detection level correspond to the proportion of added 
sugar (cane or beet) or water in the total sugar or water fraction. For juices with low natural 
grape sugar content due to unfavourable climatic conditions, such as rainy periods during 
grape development, any addition of sugar will immediately lead to high adulteration 
fractions. This means that a detection level of 50%, for example even if it seems high, can 
still be relevant: these climatic conditions are exactly the reason why some producers add 
sugar to the wine must. In other words, in this case addition of a low absolute amount of 
sugar can still be detected. 
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Figure 4. Detection rate for the univariate (in blue) and multivariate (in red) methods with 
various levels of adulteration: (a) addition of beet sugar, (b) addition of cane sugar, (c) 
addition of water (δ18O = −9) and (d) addition of water (δ18O =  -5). Horizontal dashed lines 
correspond to detection rates at 25% adulteration. Tuscany 2007 samples were used for 
sample simulation and to determine confidence intervals. 
 
 3.4  Conclusions 
 
This work evaluates a univariate method based on t-tests, currently adopted for wine 
authentication, using stable isotope ratios to detect the addition of sugar and water, as well 
as a multivariate extension based on the Mahalanobis distance. As can be seen from the 
results, the effectiveness of fraud detection is different. It depends on the isotopic values of 
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the particular sample concerned, its distance to the class centre and the type of 
adulteration. For some samples, even a small addition of sugar or water can be detected 
efficiently, while for others large amounts of sugar and water can be added before being 
detected. By using the wealth of information available in the European Wine Databank and 
by simulating realistic samples and adulterations, it is clear that significant improvements 
are obtained using multivariate methods. They are more effective, i.e. they detect more 
adulterations at a given level and are able to detect adulteration at a lower level. These 
results were obtained by assuming multivariate normal distribution for wine samples of one 
particular class (combination of region and vintage). Additional improvements would be 
possible using an approach based on mixture modelling for cases in which the data are 
not normally distributed. Although in the majority of cases in the wine databank normal 
distribution would seem adequate, there are cases in which a combination of two 
multivariate normal distributions would lead to better description of the data (Dordevic et 
al. 2012). For the main purpose of this paper, this is less important – the difference 
between multivariate and univariate detection is much greater than the difference between 
normally and nonnormally distributed data. 
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Abstract 
In this study, we investigated the relationship between (D/H)1, (D/H)2 and δ
13C of ethanol 
and δ18O of water in wine, and variables describing the climate and the geography of the 
production area, using exploratory visualisation tools, regression analysis and linear 
modelling. For the first time, a large amount of data (around 4000 wine samples collected 
over 11 years in Italy) and all the official isotopic parameters, as well as a large number of 
significant climatic and geographical descriptors (date of harvest, latitude, longitude, 
elevation, distance from the sea, amount of precipitation, maximum daily temperature, 
minimum daily temperature, mean daily temperature, δ18O and δ2H of precipitation) were 
considered. δ18O, followed by (D/H)1, was shown to have the strongest relationship with 
climate and location. The dominant variables were latitude, with a negative relationship, 
δ18O and δ2H of precipitation and temperature, both with positive relationships. The 
identified correlations and models could be used to predict the isotopic composition of 
authentic wines, offering increased possibilities for detecting fraud and mislabelling. 
 
Keywords 
Wine; Isotope ratio mass spectrometry; Climate; Geography; Prediction; Mislabelling 
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4.1  Introduction  
 
The site-specific D/H isotope ratio in the methylic and methilenic site of ethanol, (D/H)1 and 
(D/H)2, the 
13C/12C (δ13C) ratio of ethanol and the 18O/16O (δ18O) ratio of water have been 
analysed in wine since 1987 [1] to determine fraud, such as sugar addition or 
chaptalisation, watering down and mislabelling, i.e. false declarations of origin. The 
variability of these isotopic ratios is indeed related to the botanical origin of the sugar 
(grape, cane or beet) and to the climatic and geographical characteristics of the area 
where the plant grows. The relationship between the isotopic data of wine and physical 
variables describing the climate and geography of the production area is an interesting 
topic, as reflected in the high number of related papers published in the last 20 years (see 
background). However, only a few of these studies considered a large number of samples 
and more than one isotopic ratio, and none took into account a high number of physical 
variables which could influence the isotopic values of wine.  
In this study, we considered around 4000 Italian wine samples produced all over Italy in 11 
consecutive years from 2000, all the official isotopic parameters and a large number of 
potentially influential factors reflecting the geography and climate of the production 
locations. Exploratory visualisation tools, regression analysis and linear modelling were 
used in our study to investigate the most significant relationships and define multivariate 
models able to infer isotopic values from climatic and geographical data. These 
correlations and models, once validated in further studies, could be used to predict wine 
isotopic data that could be adopted to define authenticity confidence limits to refer to in 
authenticity verification. 
 
4.1.1  Background  
In previous studies, (D/H)1, (D/H)2 and δ
13C of ethanol were found to be positively 
correlated with mean temperature and negatively correlated with the amount of 
precipitation during the sugar accumulation and grape ripening period in wines from 34 
regions across the world [2], as well as on a local Italian scale [3]. δ18O of wine water also 
showed linear correlation with temperature and the amount of precipitation [2], but was 
also influenced by other climatic parameters. Indeed, in around 40 wines from California, 
good correlation was found between δ18O and the average daily relative humidity in the 3 
week period prior to harvest and crop evapotranspiration in the month of September, in 
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addition to the average maximum daily temperatures from July [4]. By applying stepwise 
multiple regression analysis, West et al. [5] showed that the monthly mean maximum daily 
temperature and monthly mean daily dew point temperature in September and October 
and δ18O of local precipitation were effective in predicting δ18O of wine water for around 50 
wines from the western coast of the USA, and developed a predictive model on this basis. 
Hermann and Voerkelius [6] developed a different model for δ18O, tested on 775 wines 
from 6 vintages in Germany, where relative humidity for a period of 30 days prior to 
harvest and the δ18O of atmospheric humidity played a predominant role. As a 
consequence of climatic variation in different years, the year of production was shown to 
be a critical factor [6–11], along with the time of harvest, in the case of wines from regions 
which experience climatic instability and rapid changes in climatic parameters. Normally, 
early harvested wines have higher δ18O values than late harvested wines [7]. Besides the 
climatic conditions in the production area, irrigation can affect δ18O and δ13C in wine, 
especially in a hot climate, significantly decreasing values [12]. No effect of irrigation on 
δ13C was observed in northern Italian wines [13] and it was found to be minimal in 
Californian wines [4]. The grape variety was also found to affect wine isotopic values 
(especially δ18O and δ13C), but this effect is normally a consequence of differences in the 
ripening period or harvest data [3,7,10] or can be confused by different climates in the area 
of origin [5,9]. Only Gomez-Alonso and García-Romero [12] observed that δ18O and δ13C 
were affected by variety, regardless of the sampling data, in a study on a local scale. As 
regards geographical influence on (D/H)1 and (D/H)2, 284 wines selected from 19 countries 
from outside Europe correlated with latitude, except for countries which use irrigation water 
originating from a higher altitude in the mountains [14]. A trend for decreasing values in all 
these three isotopic parameters in relation to latitude was observed in Italian wines [11] 
and for δ18O in around 80 southern Brazilian wines, also found to be related to altitude [9]. 
Distance from the sea was noted to be a significant variable for 102 samples from 
Slovenia [8]: different D/H, δ13C and δ18O values were reported for coastal and continental 
regions, but this could also be a consequence of the different climate in the regions [15]. 
Finally, differences between the Adriatic and Tyrrhenian coast were found for (D/H)1 of 
Italian wines in the period 1987–1992 [16], highlighting the significance of longitude as a 
factor.  
 
4.2  Materials and methods  
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4.2.1  Wine isotope data 
The isotope data of 3948 Italian wines produced from 2000 to 2010 (from 303 to 421 per 
year) were evaluated. For each sample four isotopic parameters were available. The ratio 
between the deuterium and hydrogen of the methyl site of wine ethanol [(D/H)1] and the 
corresponding ratio of the methylene site [(D/H)2] were determined with site-specific 
natural isotope fractionation– nuclear magnetic resonance (SNIF–NMR) of deuterium. The 
other two isotopic ratios (13C/12C of ethanol and 18O/16O of water) were measured using 
isotope ratio mass spectrometry (IRMS). The isotopic composition determined using IRMS 
was denoted in delta [17] in relation to the international standard VPDB (Vienna Pee Dee 
Belemnite) for δ13C and VSMOW (Vienna Standard Mean Ocean Water) normalized to the 
VSMOW–SLAP (Standard Light Antarctic Precipitation) scale, for δ18O. The SNIF–NMR 
data are expressed in ppm, whereas the IRMS data in ‰. All data were obtained 
according to the official methods (OIV methods MA-AS2-12, MA-AS312-06, MA-AS311-05 
[18]). Additional information is available for each sample, such as origin (at municipal level) 
and the exact date of harvest.  
 
4.2.2  Climatic/geographical data  
The geographical and climatic parameters (Table 1) were obtained for each sample, based 
on the location of the respective vineyard (i.e. the municipality where the vineyard is 
situated) and the date of harvest. The data source and resolution are specified in Table 1. 
Latitude, longitude, elevation and distance from the sea were considered as geographical 
variables for each vineyard. In order to determine climatic impact, temperatures (daily 
average, minimum and maximum) and the amount of precipitation (mm/day) were taken 
into account. δ18O and δ2H values of precipitation, which are analogous to δ18O and δ2H 
values of soil water and thus of source of grape water, were also considered. Due to the 
large variations in data from different years and different harvest dates, the year and date 
of harvest were also taken into account. Thus, all the parameters identified as significant in 
the literature (see Section 1.1) were considered, with the exception of humidity, δ18O of 
water vapour and evapotranspiration. Reliable values for relative humidity on a local scale 
are simply not available. Moreover, relative humidity is correlated with the level of 
precipitation over the long-term [19]. δ18O values of water vapour are not available, as they 
vary between years and during the year [20] and can only be predicted [6]. The variety and 
irrigation were also not evaluated, because they were often identified as not significant 
(see Section 1.1).  
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The date of harvest was converted to the corresponding day of the year number (an 
integer between 1 and 365 or 366, depending on the number of days in the year of 
harvest). The positional data (latitude, longitude) were retrieved from the web, on the basis 
of the municipality where the vineyard is located, and were then processed using GRASS 
GIS [21] to extract the respective vineyard elevation and distance from sea. The climatic 
parameters were derived from daily gridded datasets of the European Climate Assessment 
& Dataset (ECA&D; [22]) using the temporal frame-work in GRASS GIS 7 [23]. The δ18O 
and δ2H values of precipitation are accessible on the internet for any point on the earth 
[24].  
 
Table 1. Description of geographic, climatic and isotopic data used in this study. 
Variables Abbreviation Data 
type 
Resolution Source 
Date of harvest H static   
Latitude y static point web 
Longitude x static point web 
Elevation E static 20m Italian elevation model 
Distance from the 
sea 
D static 250m Derived from elevation map in 
GIS 
Amount of 
precipitation 
[mm/day] 
P dynamic 25km ECA&D, http://www.ecad.eu 
Maximum daily 
temperature 
mean T dynamic 25km ECA&D 
Minimum daily 
temperature 
min T dynamic 25km ECA&D 
Mean daily 
temperature 
max T dynamic 25km ECA&D 
δ18O  MW δ18O MW static 37km  [24] 
δ2H  MW δ2H MW static 37km [24] 
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4.2.3  Exploratory analysis  
To assess the relationships between all the isotopic, climatic and geographical 
parameters, exploratory analysis was performed using correlation analysis and principal 
component analysis (PCA) [25].  
 
4.2.4  Linear modelling  
The next step was to predict the isotopic ratios in wine using geographical and climatic 
information. The vintage, or year, was also included, since this may capture climatic 
variations that are not taken into account in the precipitation and temperature variables. 
Since our main aim is interpretation of the models, rather than achieving optimal 
prediction, some highly correlated variables were eliminated from the model; we used only 
mean temperature from the cluster of highly correlated temperature measurements and we 
did not consider the isotopic values of precipitation, since they are highly correlated with 
geographical position (see below in the Section 3). The equation for the overall model thus 
becomes:  
(1) SIR = bAA + bXX + bYY + bEE + bTT + bPP + bHH + bDD 
where SIR is any of the four stable isotope ratios and the eight variables are year (A), 
longitude (X), latitude (Y), elevation (E), the average mean temperature (T) and the 
amount of precipitation (P) over fifteen days prior to harvest, harvest date (H) and distance 
from the sea (D). The corresponding coefficients are indicated with a b and a variable-
dependent subscript.  
A stepwise selection approach was used, starting with the full model and eliminating (and 
possibly reinstating) variables according to Akaike’s information criterion [26,27]. We 
treated the year factor as a categorical variable, which basically served to allow for a 
constant offset in each year, the other coefficients being the same across all years.  
All statistical analysis was done using the statistical software R [28].  
 
4.3  Results and discussion 
The isotope ratios of Italian wine samples show clear spatial variations. An example is 
shown in Figure 1, illustrating the mean values for the four isotopic ratios of Italian wines, 
averaged for each of the Italian regions for the 2001 vintage. It is this spatial variation that 
we wish to model using climatic and geographical variables.  
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Some of the geographical and climatic parameters (see Table 1) are static (single value), 
while others are dynamic (series of values on the basis of the period before harvest 
considered).  
 
Figure 1. Regional mean values for the four isotope ratios in wine samples from Italy, 2001 
(the Valle d’Aosta is white, because the values are not available).  
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As regards dynamic variables, it is important to define which period of time before harvest 
contains most information, in order to select the data for that period. In the literature there 
are contrasting findings. For Bigwood et al. [14], δ18O of grape juice is influenced by 
precipitation events just prior to harvest and hence the short time period during the final 
development of the grape is relevant. In contrast, for D/H of sugar and then ethanol a 
much longer period is relevant, because sugars are biosynthetised over the entire time-
period in which the grape develops. A strong correlation between wine δ18O and climate 
immediately prior to harvest has been reported in Rossmann et al. [29] and in Christoph et 
al. [30] whereas others authors found stronger correlations by including the warmer 
midsummer months [4]. Using stepwise multiple regression analysis, West et al. [5], 
showed both September and October temperature to be very effective in terms of 
prediction. Finally, Hermann and Voerkelius [6] considered the arithmetic mean values of 
temperature and humidity for a period of 30 days prior to harvest, to cover the most 
relevant period of grape maturation.  
To choose the most informative period before harvest, all the combinations of mean 
temperature and precipitation values over different periods (days) prior to harvest were 
tested using linear modelling, fitting linear regression models together with other available 
parameters in Table 1. We did not find any significant effects on (D/H)1, (D/H)2 and δ
13C 
when using different periods of temperature and precipitation before harvest. Only in the 
case of δ18O, did R2 slightly increase from the day of harvest, reaching its maximum 2 
weeks before harvest. There was no significant improvement in the R2 value by taking into 
account longer periods of up to 60 days. Thus the mean values for temperature and 
amount of precipitation over a period of 15 days before harvest were taken into account for 
statistical analysis. 
 
4.3.1  Exploratory analysis  
The correlation matrix between all variables, except the year of harvest (which is treated 
as a discrete factor) is presented in Figure 2. There is a positive correlation between all 
wine isotopic parameters and high correlations between mean, minimum and maximum 
temperatures. Moreover, there is a very high linear correlation (around 1) between δ18O 
and δ2H of precipitation water, as described in the literature [31] and a high negative 
correlation between δ18O and δ2H of precipitation water and latitude (-0.85 and -0.88).  
As regards isotopic variables of wine, δ18O and (D/H)1 showed a higher correlation with 
climatic and geographical parameters (up to 0.5). δ18O was mainly positively related with 
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the isotopic values of water and with temperatures, and negatively correlated with 
precipitation, date of harvest, latitude and distance from the sea. (D/H)1 was mainly 
positively related with the isotopic values of water and negatively correlated with latitude 
and distance from the sea.  
 
Figure 2. Correlation matrix between (D/H)1, (D/H)2, δ
13C and δ18O parameters of wine and 
the climatic and geographical characteristics of the areas of origin. 
 
Similar information can be obtained from principal component analysis. The plot in Figure 
3 shows the loadings of all variables in the space of the first two PCs, with 58% of total 
variance explained. Again we see reasonably high correlations between the four isotopic 
ratios in the wine on the one hand, and these isotopic ratios and the isotopic ratios in 
precipitation on the other (the arrows point in more or less the same direction). The mean, 
minimum and maximum temperatures averaged over a period of 15 days before harvest 
were highly correlated. Higher temperatures were anticorrelated with the harvest date, 
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which indicates that in warmer areas the harvest date occurs earlier in the year. Similarly, 
higher elevation was coupled with lower temperatures and later harvest dates. The four 
isotopic ratios in the wine show reasonable correlations with latitude and longitude, 
confirming the geographical influence on wine isotope ratios also shown in Figure 1. 
 
Figure 3. Loading plot for wine samples from 2000 to 2010, together with corresponding 
isotopic, climatic and geographical information. 
 
4.3.2  Linear modelling   
Fitting linear models to the four isotopic ratios in every case led to significant models, 
clearly showing that isotopic ratios are influenced by climatic and geographical 
parameters. This is most obvious for the prediction model of δ18O (R2 = 0.71), indicating 
that this is a strong potential marker for wine origin determination. The second most 
significant marker is (D/H)1 (R
2 = 0.42). (D/H)2 and δ
13C (R2 = 0.30 and 0.24, respectively) 
had less clear relationships with climate and location.  
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Values of the coefficients for individual years, bA, are shown in Figure 4. In each case, the 
first year considered here, 2000, is taken as a reference value (0). For (D/H)1, it is clear 
that in all years except 2003 the average values were lower than in 2000. Something 
similar is observed in the case of δ18O; it is a consequence of the particularly hot Italian 
climate in the pre-harvest period in 2000 and 2003 and the cold and rainy climate in 2002, 
2005 and 2010. 
 
Figure 4. Coefficients for the factor ‘year’ in the linear model (1). 2000 is taken as a 
reference. 
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The coefficients for the other continuous variables are summarised in Table 2. To make 
the values comparable, prior to linear modelling, we standardised all the variables to zero 
mean and unit variance (note that this does not influence the linear models since they are 
affine equivariant). In the case of (D/H)2 and δ
18O, all seven variables were included in the 
final model, although the coefficient for elevation is not significant for δ18O. For the other 
two isotopic ratios, some variables were removed from the stepwise procedure.  
Table 2 clearly shows that the dominant variable is the North– South coordinate, namely 
latitude. For all four ratios, lower values were found for higher latitudes. The significance of 
latitude has been already observed in Italian wines [11], but also in non- European wines 
[9,14]. Other variables with similar effects for all isotope ratios are the distance from the 
sea (a greater distance from the sea is associated with lower isotope ratios, except for 
δ13C where no effect is observed), as also observed in Slovenian wines [8], and 
temperature (higher temperatures correspond to higher isotope ratios, again with the 
exception of δ13C). The last observation is in agreement with the literature for wines with a 
different geographical origin produced all over the world [2,4–6].  
 
Table 2. Regression coefficients for the continuous variables in Eq. (1). Numbers in bold 
indicate significant coefficients at p < 0.05 level. Empty cells indicate that stepwise 
selection did not include this variable in the final equation. 
 Longitude 
(x) 
bX 
Latitude 
(y) 
bY 
Elevation 
bE 
Distance to 
the sea 
bD 
Temperature 
bT 
Precipitation 
bP 
Date of 
harvest 
bH 
(D/H)1 0.065 -0.459 -0.088 -0.097 0.061  0.071 
(D/H)2 -0.169 -0.387 0.101 -0.057 0.220 -0.031 0.225 

13
C -0.080 -0.410   0.003 -0.020 -0.061 
δ
18
O -0.141 -0.447 -0.011 -0.034 0.145 -0.136 -0.185 
 
 
(DH)1 and (D/H)2 increased with the date of harvest, whereas δ
13C and δ18O decreased. In 
the literature only δ18O was found to decrease with the date of harvest [7]. (D/H)1 
increased with longitude, as observed for Italian wines from the period 1987–1992 [16], 
whereas (D/H)2, δ
13C and δ18O decreased. Differences between the Adriatic and 
Tyrrhenian coasts were also observed in δ2H of bulk Italian olive oils, as a consequence of 
the different source and isotopic composition of rainfall and the different climatic conditions 
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on the two coasts [32]. (D/H)1 and δ
18O decreased with elevation (although not at the 0.05 
significance level), as observed in Brazilian wines [9], whereas (D/H)2 tended to increase. 
4.4  Conclusions  
 
This is the first comprehensive work investigating the relation between wine isotopic ratios 
and environmental variables, based on a large number of samples collected over 11 years 
from a large and climatically diverse area such as Italy. Wine (D/H)1, (D/H)2, δ
13C and δ18O 
were evaluated in relation to a number of climatic and geographical descriptors of their 
areas of origin. In previous works in the literature to date, these phenomena have only 
been evaluated on the basis of a few variables and with a limited scope. Relationships 
between climatic and geographical parameters were evaluated here, providing a broader 
insight into these relations. δ18O, followed by (D/H)1, showed the strongest relationship 
with climate and location. Considering the results of both exploratory analysis and linear 
modelling, we can conclude that the dominant variables are latitude, with a negative 
relationship, and δ18O and δ2H of precipitation and temperature, both with positive relation- 
ships. Although correlation-based models such as the ones proposed here cannot be used 
to deduce causation, we did obtain additional information. Some variables are likely to 
have causal effects on wine stable isotope ratios (temperature, amount of precipitation, 
δ2H and δ18O of precipitation) whereas others (e.g. latitude) are more likely to be proxies 
for other, unknown variables, or variables inaccessible for measurement on a country-wide 
scale.  
These relationships may be used to predict the isotopic composition of wines, using 
appropriate climatic characteristics for the production region. This may open up 
possibilities for improved protection of both users and producers, offering increased 
possibilities for detecting fraud and mislabelling.  
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5  Synthesis and perspectives 
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5.1  Introduction   
 
In this thesis we analyse the performance of methods based on the stable isotope ratios of 
wines for authenticity applications, using newly developed statistical procedures for 
additional improvement. All statistical procedures were evaluated in the real context of 
wine authentication, with the scope of detecting false claims of origin and the use of 
unpermitted substances during the production process, such as the addition of sugar and 
water. We also investigated to what extent the stable isotope ratios of wine are related to 
the climatic and geographical characteristics of grape origin. Understanding these 
relationships can help us to develop models able to predict isotopic composition based on 
the climatic and geographical characteristics of wines, and to verify the declared origin of 
wine.            
Fraud in the wine sector is common and has taken place since ancient times. The types of 
fraud have changed over time and all of them are designed to mislead consumers. Wine 
prices on the market can vary extensively and prices depend on consumer perception and 
wine quality, which is affected by grape origin and the year of vintage. These are the 
reasons leading dishonest producers to claim a false origin for wines, thus increasing their 
profit. Furthermore, other unpermitted techniques are used during the winemaking 
process, such as the addition of sugar and water.  
Due to the large number of cases and the opportunities for fraud in the wine sector, many 
research groups have been working on the development of reliable analytical techniques 
able to detect such fraud. Some of these techniques are very efficient in detecting only 
particular kinds of fraud. It should also be emphasised that bottles of wine are unstable in 
chemical terms and wine composition may change due to storage conditions. In contrast, 
the composition of stable isotopes is constant over time (they do not decay as a result of 
radioactive processes). Bearing in mind these considerations, methods based on stable 
isotope ratios are a logical choice in fraud detection applications. Indeed, since 1991 a 
method based on stable isotope ratios has been adopted as the official method in 
European Union regulations and by the Organisation Internationale de la Vigne et du Vin 
in order to detect fraud in the wine sector. 
The climate of provenance areas affects the stable isotope ratios of wines, thus wines 
originating from different areas will be characterised by a different isotopic composition, 
affected by different climatic conditions. In addition to climatic and geographical 
dependence, the normal ranges of wine stable isotope ratios are different to the ratios 
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obtained in the case of wine samples produced with the addition of unpermitted 
substances during the winemaking process, such as cane sugar, beet sugar, water or 
mixtures of these. The isotopic parameters used for wine authentication are therefore 
selected in order to detect different kinds of common fraud in the wine sector, such as 
false claims of origin and the addition of unpermitted substances during the wine-making 
process.      
In order to apply this method, a large databank is necessary. According to current 
regulations, at least 400 grape samples are collected every year in Italy. They must cover 
the full variability within all winegrowing regions, in terms of location, grape varieties, date 
of harvest, climatic variations and production technologies. To attest the authenticity of 
these samples, grapes are collected and not directly wine. Grapes are collected by officers 
of the Antifraud Department of the Italian Ministry of Food, Agriculture and Forestry and 
are then microvinified in controlled laboratory conditions, in compliance with the 
requirements of the EU reg 555/2008. The microvinification is performed without the 
addition of any unpermitted substances. Only Saccharomyces cerevisiae yeast is added to 
complete fermentation, following the official method. Once fermentation has been 
completed, the samples are used to measure the (D/H)1, (D/H)2, δ
18O and δ13C 
parameters. The results obtained are used to compute normal ranges for authentic 
samples for all winegrowing regions separately. If the measured wine parameters for a 
wine sample under investigation fall outside these limits during wine authenticity 
assessments, the sample is not considered to be authentic.  
 
5.2  Verification of claims of origin 
 
The official method is based on stable isotope ratio analysis and univariate statistical 
analysis to detect fraud. In chapter 2, we carried out tests to see whether multivariate 
statistical methods are able to improve discrimination between wines produced in different 
Italian regions, helping to improve detection of false claims of origin. In this chapter the 
current practice of using five univariate t-tests for each isotopic parameter independently is 
extended and three more powerful statistical methods are provided.  
During the procedure to check the labelled claim of origin for commercial wines, the 
(D/H)1, (D/H)2, δ
18O and δ13C parameters are measured. These measured values are then 
compared with the normal ranges of samples from the wine databank, originating in the 
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same area that the wine under investigation claims to be from. If even one of the 
measured parameters of the wine under investigation is outside the normal range for that 
particular area, the wine is not considered to be authentic. 
In our analysis, samples belonging to one administrative region were considered as a 
single class. Overall confidence intervals for all methods under evaluation were adjusted to 
95% of probability, which is the percentage of samples belonging to a class correctly 
accepted as authentic. This is described as the sensitivity of the method. Since we set 
sensitivity to a constant value, specificity was calculated for each method and used for 
comparison. Specificity is the proportion of samples from other regions which are correctly 
detected as samples from outside the defined region. So higher specificity means better 
differentiation between samples from different regions and thus a higher probability of 
detecting false claims of origin.    
The official method uses five univariate t-tests for each parameter separately. It is very 
important to set each separate t-test to 99% confidence, in order to achieve overall 
confidence of 95% (0.995 = 0.95).  
Multivariate extension of t-tests involves the use of the Hotelling t-test, which uses the 
Mahalanobis distance. The Mahalanobis distance measures the distance of the tested 
sample from the centre of distribution of the corresponding class in multivariate space, 
taking into account correlations in the data. In this test the distribution of samples is 
assumed to be normal and very often samples are not normally distributed. Due to the 
difference in climatic and environmental factors, many samples from these heterogeneous 
regions have a multimodal distribution. As a result, confidence intervals are wider and 
statistical tests lose their power. To describe the multimodal distribution of these 
heterogeneous classes, a mixture modelling approach is applied. The mixture modelling 
approach uses several gaussians to model a class, the number being defined with criteria 
such as the Bayesian information criteria (BIC). The BIC strikes a balance between 
accurate description of the data and the number of parameters used. This approach is 
applied in both univariate and multivariate tests. 
As expected, the results obtained confirmed that multivariate extension of univariate t-tests 
using the Mahalanobis distance have higher specificity and thus provide better 
discrimination between samples from different regions. When sample distribution is not 
normal, a mixture modelling approach obtained an additional improvement in univariate 
and multivariate approaches.      
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A particular advantage of the univariate and multivariate methods without mixture 
modelling is that no parameters need to be optimized, and for the mixture modelling we 
use the BIC criterion that is simple and fast. Many other methods require to perform a 
cross validation to determine the tuning parameters and this again would lead to a 
decrease in the number of samples on which the model is based. Very often in working 
practice there is limited number of samples per regions, therefore, the advantage of our 
proposed methods is that they can be applied directly in practice.  
The performance of a multivariate method using the Mahalanobis distance for 
geographical differentiation of German wines was evaluated in the recent study by 
Monakhova et al. 2014, based on 718 wine samples. It showed good discrimination 
between neighbouring wine regions. Some overlaps between regions were also observed 
but this did not have a major implication in practice, due to the fact that the data are 
confidential and producers cannot know when the problem is present. Additional 
improvement in geographical differentiation was obtained with fusion of stable isotope data 
with 1H NMR profiles.  
Our study is recently confirmed (Jiang et al. 2015) on the basis of the study of Chinese 
wine samples, where a possibility for discrimination of wine samples originating from five 
different wine growing regions was investigated. Different subsets of stable isotope ratios 
((D/H)1, (D/H)2, R, δ
13C and δ18O) were considered and perfect separation was achieved 
among wine samples from five regions using all five isotopic parameters. Results indicate 
that optimal separation can only be obtained when all five parameters are considered 
simultaneously with multivariate statistics.    
  
5.3  Detecting the addition of sugar and water to wine 
 
Addition of beet sugar, cane sugar or rectified must to grape must or wine before or during 
fermentation is carried out to increase the natural ethanol content in the wine. Dilution of 
wine with water is also used to increase the volume of wine and thus profit. These 
procedures are illegal and considered as a fraud in the wine sector. Because of changing 
stable isotope ratios values due to the addition of these substances, they are also used to 
detect this kind of fraud. In chapter 3, the possibilities of detecting the addition of sugar 
and water using stable isotope ratios based on a univariate method using five independent 
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t-tests and multivariate extension based on the Mahalanobis distance are evaluated. For 
this purpose, the addition of different amounts of cane sugar, beet sugar and water were 
simulated, in line with previous knowledge about this area and confirmed by experimental 
results.  
Due to the difference in the (D/H)1 ratio of ethanol from beet sugar and wines, the addition 
of beet sugar to grape must before fermentation significantly affects the parameter, in 
proportion to the amount of added beet sugar. The (D/H)2 is not affected significantly 
because it mainly derives from the fermentation water. The δ13C is not affected 
significantly due to the similarity of the δ13C parameters of ethanol from beet sugar and 
wine, as both of them belong to the group of C3 plants. The (D/H)1 and δ
13C ratios of 
ethanol from cane sugar are significantly higher than those from wine, thus the addition of 
cane sugar affects both the (D/H)1 and δ
13C ratios of pure wine, according to the 
proportion of added cane sugar. Dilution with water only causes a change to the δ18O 
value. 
Once again the results showed that the multivariate method is more effective in detecting 
adulteration. Cane sugar addition is easier to detect as compared to beet sugar, because 
two isotopic ratios change rather than one. For grape juices with low natural grape sugar 
content, due to climatic conditions such as lack of sunshine during grape development, 
even the addition of a small amount of sugar would lead to high adulteration fractions and 
thus detection of the fraud. This is the situation when some producers add sugar to the 
grape must. The results for simulations of water dilution show that it is easier to detect 
adulteration with water very distant from the normal range of water in wine, as expected.  
For all applications, multivariate methods were more powerful in detecting non authentic 
samples than univariate statistical methods. Even in the case of multivariate methods 
some results may look too pessimistic, due to high variance within defined classes 
representing multivariate spaces where authentic samples should be. To decrease 
variance within classes, other climatic and geographical considerations should be borne in 
mind, as evaluated in chapter 4.  
 
5.4  Climatic and geographical dependence of H, C and O stable isotope ratios of 
Italian wine 
Due to strong climatic and thus geographic dependence, the stable isotope ratios of wine 
are adopted in many food traceability applications. There are many works confirming 
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strong relationships between the stable isotope ratios of wine and the climatic and 
geographical characteristics of provenance areas. In chapter 4, using a large databank 
with around 4000 samples collected over 11 different years, the isotopic ratios of wine (in 
particular (D/H)1, (D/H)2, δ
13C and δ18O) are evaluated in relation to a large number of 
climatic and geographical characteristics in the provenance areas. This is the largest study 
to date, in terms of the number of samples analysed and the climatic and geographical 
parameters used. Furthermore, the study was based on samples from a large, relative 
diverse climatic area, represented by Italy. Positive correlation between all wine isotopic 
parameters was observed. The isotope ratios had a tendency to decrease with an increase 
in latitude, distance from the sea and precipitation. Taking all the variables together, we 
come to other expected facts. All temperatures were highly correlated and when elevation 
increased temperatures decreased. Furthermore, harvesting periods for samples from 
areas at higher altitude were later in the year compared to samples from those at lower 
altitude. Using multiple linear regression we found that δ18O was strongly linked to the 
provenance area (R2 = 0.71) and was therefore shown to be the best individual marker for 
wine origin determination.  δ18O was followed by the (D/H)1 parameter (R
2 = 0.42), (D/H)2 
(R2 = 0.30) and δ13C  (R2 = 0.24), which was the least related to wine provenance areas. 
Because of the nature of our study, in the field of correlation research, it was not possible 
to establish what really affects isotopic fractionation, different researchers providing 
different answers. More importantly, knowledge of those non-causal relationships is 
significant for sampling procedures and should be used as an additional consideration in 
fraud detection. Furthermore, knowledge of those relationships can be used to predict the 
isotopic composition of wines and to verify the declared origin of wines on the market, 
based on geographical coordinates and the climatic characteristics of the production 
regions. 
 
 5.5  Perspectives for future research 
 
The performance of methods based on stable isotope ratios for the purposes of wine 
authentication is presented, with newly developed procedures for additional improvement. 
The results in chapters 2 and 3 suggest that even with the use of newly developed 
multivariate methods, a method based on five isotopic parameters has some limitations. In 
these situations there is sometimes an overlap between samples from different 
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geographical regions. This happens due to the similarity of climatic conditions in the two 
different regions, making it impossible to differentiate wine samples from these regions. To 
improve differentiation between wine samples from different regions, additional information 
variables such as elemental composition (Gremaud et all. 2004), 1H NMR profiles 
(Monakhova et all. 2014) and strontium isotope ratios (Almeida and Vasconcelos 2001) 
should be tested together with the current parameters, taking into account the whole wine 
authentication context.  
What is more, in some situations the detection level for a particular kind of adulteration 
(addition of beet sugar and water) is still high, allowing possible manipulation. To decrease 
the detection level in these cases, additional or new variables are indispensible. 
However, it is necessary to pay attention. Additional variables might decrease the ability to 
detect the addition of sugar and water to wine, due to multiple testing corrections. The set 
of parameters should be selected with the scope of detecting at the same time false claims 
of origin and the addition of unpermitted substances (water, beet and cane sugar) during 
the winemaking process. With fewer parameters, statistical testing is more powerful. 
Our statistical procedures provide improvement of the official method in the real context of 
wine authentication, which means that common frauds in wine sector (false claim of origin, 
sugar and water addition during winemaking process) can be detected more easily 
compared to the officially proposed procedure. Results of this work have been taken into 
consideration by the national experts in isotopic wine databank, and change of the 
European Regulation 555/2008 is necessary in order to use this approach in regulatory 
practice. 
The stable isotope ratios of wine have been evaluated in relation to a large number of 
climatic and geographic parameters only partially evaluated in the past. Based on other 
literature in this field, several other research groups have confirmed the correlation 
between wine isotope ratios and many other parameters. Our study provides further 
insight into these phenomena, in the context of which climatic and geographic parameters 
are correlated to some extent, so we were unable to establish what affects wine isotopic 
fractionation. To obtain further insight into these phenomena, real experiments on a small 
scale should be performed. 
In the event of missing data, these relationships may be used to predict the δ18O 
composition of wines, using the appropriate climatic characteristics for the production 
region. This possibility should also be tested for other fresh agricultural commodities in the 
future. 
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Summary 
 
The thesis deals with the H, C and O stable isotope ratios of wine and their application in 
wine authentication procedures. The aim of the thesis is to develop suitable statistical 
procedures able to improve current practice in official wine authentication procedures 
based on H, C and O stable isotope ratios. The second aim is to investigate to what extent 
the H, C and O stable isotope ratios of wine are related to the climatic and geographical 
characteristics of the provenance areas. No study considering such a large number of 
samples and variability factors and using such a complete statistical approach has been 
carried out to date.   
In the introductory chapter 1, various methods used for wine authentication assessment 
are reviewed, with special attention for the method based on the stable isotope ratios of H, 
C and O officially adopted according to European Union regulations. An overview of 
current developments in the field of stable isotope ratios of bioelements and their 
application to wine authentication is also provided.    
Chapter 2 evaluates univariate approaches underlying the official method to assess claims 
of origin, which is based on individual t-tests. To obtain better discrimination between 
samples from different regions, several extensions of univariate t-tests are proposed (one 
univariate and two multivariate statistical methods) and compared.  
Chapter 3 evaluates performance in terms of the detection of unpermitted addition of cane 
and beet sugar to grapes before fermentation and dilution of wine with water using the 
univariate statistical method (based on t-tests) and also evaluates multivariate extension 
(Hotelling t-test). The addition of different amounts of water, cane and beet sugar to wine 
are simulated according to the experimental results, providing additional insight into the 
importance of different isotopic parameters for fraud detection.    
Chapter 4 evaluates the relationships between wine (D/H)1, (D/H)2, δ
13C and δ18O and the 
climatic and geographical parameters of provenance areas, as well as their general 
climatic dependence on wine growing areas. Comprehending these relationships is 
important for general understanding of isotopic phenomena, which can assist in making 
additional improvements to wine authentication procedures based on stable isotope ratios.  
Finally, chapter 5 summarises all the findings resulting from this thesis. Perspectives for 
further research are also presented.   
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Samenvatting 
 
In deze scriptie worden de stabiele H-, C- en O-isotoopverhoudingen behandeld evenals 
de toepassing ervan in wijnauthenticatieprocedures. In deze scriptie wordt ernaar 
gestreefd om geschikte statistische procedures te ontwikkelen die de huidige praktijken 
van de officiële wijnauthenticatieprocedures op basis van stabiele H-, C- en O-
isotoopverhoudingen kunnen verbeteren. Bovendien wordt ernaar gestreefd om te 
onderzoeken in welke mate de stabiele H-, C- en O-isotoopverhoudingen van wijn 
gekoppeld zijn aan de klimatische en geografische eigenschappen van de 
herkomstgebieden. Tot nog toe is er geen enkel onderzoek uitgevoerd dat zo een groot 
aantal monsters en variabiliteitsfactoren beschouwt en dat zo een volledige statistische 
benadering gebruikt.  
In het inleidende eerste hoofdstuk worden diverse methoden voor de 
authenticatiebeoordeling van wijn bekeken, met speciale aandacht voor de methode op 
basis van stabiele H-, C- en O-isotoopverhoudingen die officieel aangenomen is volgens 
de regelgeving van de Europese Unie. Er wordt ook een overzicht verstrekt van de huidige 
ontwikkelingen op het vlak van stabiele isotoopverhoudingen van bio-elementen. Ook 
wordt de toepassing ervan op de wijnauthenticatie verstrekt.  
In hoofdstuk 2 worden univariate benaderingen geëvalueerd die aan de basis liggen van 
de officiële methode om de vermeende herkomst te beoordelen op basis van individuele t-
tests. Om een betere onderscheiding tussen de monsters van verschillende regio's te 
verkrijgen worden er meerdere uitbreidingen van de univariate t-tests voorgesteld (één 
univariate en twee multivariate statistische methodes) en vergeleken.  
In hoofdstuk 3 wordt de prestatie geëvalueerd op het vlak van de detectie van de 
verboden toevoeging van riet- en bietsuiker aan de druiven voor de gisting en de 
aanlenging van wijn met water. Dit gebeurt door middel van de univariate statistische 
methode (op basis van t-tests). Ook wordt de multivariate uitbreiding (t-test van Hotelling) 
geëvalueerd. De toevoeging van verschillende hoeveelheden water, riet- en bietsuiker aan 
wijn worden gesimuleerd volgens de resultaten van de experimenten en verstrekken zo 
extra inzicht in het belang van verschillende isotopische parameters voor de opsporing van 
fraude.  
Hoofdstuk 4 evalueert de relaties tussen wijn (D/H)1, (D/H)2, δ
13C en δ18O en de 
klimatische en geografische parameters van de herkomstgebieden, evenals hun algemene 
klimatische afhankelijkheid van wijnbouwgebieden. Het begrijpen van deze relaties is 
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belangrijk voor het algemeen begrip van isotopische fenomenen, wat kan bijdragen tot het 
doorvoeren van bijkomende verbeteringen aan de wijnauthenticatieprocedures op basis 
van stabiele isotoopverhoudingen.  
Ten slotte worden in hoofdstuk 5 alle bevindingen van deze scriptie samengevat. Er 
worden ook perspectieven voor verder onderzoek voorgesteld.  
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